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Abstract
Room-temperature sodium-sulfur (RT-Na/S) batteries are among the ideal candidates
to meet the scale and cost requirements of the market due to their overwhelming
advantages: the high theoretical capacity of S (1672 mAh g-1), and its low cost, nontoxicity, and resource abundance. Nevertheless, RT-Na/S batteries are facing critical
problems with respect to low reversible capacity and fast capacity fade. The sluggish
reactivity of S with Na, resulting in incomplete reduction to Na2Sx (x ≥ 2), rather than
complete reduction to Na2S, is the main reason for their low accessible capacity;
their fast capacity fade is due to the dissolution of long-chain polysulfides in the
electrolyte, which leads to the rapid loss of active materials. In this doctoral thesis,
we have explored novel S hosts, which are expected to enhance the reactivity of S
and immobilize S and polysulfides, so as to enhance their electrochemical
performance sufficiently for RT-Na/S batteries. Three different S hosts (S nanosheets
on copper current collectors, sulfur@atomic cobalt decorated hollow carbon
composite, and transition metal (Fe, Cu, and Ni) nanoclusters decorated on hollow
carbon nanospheres) were prepared.
For the first work, we report that pure S nanosheet cathodes were grown in-situ on
three-dimensional Cu foam substrates with condensation between binary polymeric
binders, to serve as a model system to investigate the formation and electrochemical
mechanisms of unique S nanosheets on Cu current collectors. The constructed
cathode exhibits ultra-high initial discharge/charge capacity of 3189/1403 mAh g-1,
which is based on confirmed conversion reactions to Na2S. These results suggest that
there is great potential to optimize S cathode by exploiting low-cost Cu substrates
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instead of conventional Al current collectors.
For the second work, an elaborate sulfur host, atomic cobalt decorated hollow carbon
nanospheres,

was

synthesized

to

enhance

sulfur

reactivity

and

further

electrocatalytically reduce polysulfide into the final product sodium sulfide. The
thus-constructed sulfur cathode delivers an initial reversible capacity of 1081 mAh g1

with a 64.7 % sulfur utilization rate; significantly, the cell retained a high reversible

capacity of 508 mAh g-1 at 100 mA g-1 after 600 cycles. Excellent rate capability was
achieved with an average capacity of 220.3 mAh g-1 at the high current density of 5
A g-1. Moreover, the electrocatalytic effects of atomic cobalt were clearly evidenced
by operando Raman spectroscopy, synchrotron X-ray diffraction, and density
functional theory.
Finally, we report that the design and testing of a new class of sulfur hosts, transition
metal (Fe, Cu, and Ni) nanoclusters (~ 1.2 nm) decorated on hollow carbon
nanospheres (S@M-HC) for RT-Na/S batteries. A chemical couple between the
metal nanoclusters and the sulfur is hypothesized to assist in immobilization of the
sulfur and enhancement of the conductivity and activity. S@Fe-HC exhibited an
unprecedented reversible capacity of 394 mAh g-1 after 1000 cycles at 100 mA g-1,
together with rate capability of 220 mAh g-1 at a high current density of 5 A g-1.
Importantly, density functional theory (DFT) calculations underscore the proposition
that these metal nanoclusters serve as electrocatalysts to rapidly reduce Na2S4 into
short-chain sulfides, and thereby obviate the ‘shuttle effect’. We conclude that these
novel S hosts will provide new opportunities to construct superior S cathodes for
practical RT-Na/S battery technologies.
In summary, this thesis focuses on exploring various novel S hosts that are capable of
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enhancing the electrochemical performance of S cathodes in RT-Na/S batteries.
Interestingly, copper sulfides, atomic Co, and transition metal nanoclusters (Fe, Cu,
and Ni) could enhance the conductivity and reactivity of S; meanwhile, these atomic
materials and nanoclusters could catalyze the reaction of Na2S4 to convert it into
short-chain sulfides, thereby obviating the ‘shuttle effect’. Therefore, we believe that
the thus-constructed sulfur cathode materials are very promising for the
commercialization of RT-Na/S batteries.
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Chapter 1
1. Introduction
1.1. Research Background
Global concerns over the depletion of fossil fuels require us to move away from
fossil energy to alternative sources. Energy demand is expected to rise by 36% over
the current situation by 2030 [1]. Due to severe environmental pollution and shortages
of fossil fuels, clean and efficient energy conversion and energy storage systems
have a strong appeal to researchers. Lithium-ion batteries (LIBs) have been
considered as one of the most promising technologies in portable electronics and
electric vehicles (EVs). As Li resources are insufficient for the increasing demand,
and the price of Li is expected to skyrocket

[2]

, sodium based energy storage

applications have been attracting increasing interest, owing to their low cost and
abundant resources

[3]

. Among these Na-based batteries, the room-temperature

sodium-sulfur (RT-Na/S) batteries are considered to be one of the most ideal
alternatives due to their overwhelming advantages: resource abundance, non-toxicity,
low cost, and the high theoretical capacity of sulfur (1672 mAh g-1) [4-6].
Nowadays, the RT-Na/S batteries still face multiple challenges, which are
already well known to afflict Li-S batteries: low reversible capacity and fast capacity
fade [7-9]. The low accessible capacity is caused by the insulating nature of sulfur and
the sluggish reactivity of sulfur with sodium, which result in incomplete reduction,
rather than the complete production of Na2S

[10]

. In addition, the dissolution of
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polysulfides into the electrolyte during cycling, i.e. the shuttle effect, is the main
reason for their fast capacity fade [11-12].
Thus, effective sulfur cathode materials design is expected to improve the
conductivity and activity of sulfur, and prevent the dissolution of polysulfides.
Recently, carbon-based S hosts, such as hollow carbon spheres
carbon polyhedron sulfur composite (MCPS)
carbon hollow nanospheres

[9]

[14]

[13]

, microporous

, and interconnected mesoporous

, have been synthesized to solve these issues.

Although the carbon matrix could improve the performance of RT-Na/S batteries,
their nonpolar character cannot cause effective chemical interaction with the polar
sodium polysulfides, resulting in capacity decay. It is obvious that the S cathodes
based on traditional carbonaceous host materials are not capable of meeting the
practical targets for large-scale RT-Na/S batteries.

1.2. Objectives of the Research
In this thesis, three different S hosts have been developed to prevent the
dissolution of sodium polysulfides and thus enhance the electrochemical
performance of RT-Na/S batteries. Specifically, pure S nanosheet cathodes were first
grown in-situ on three-dimensional Cu foam substrate with condensation between
binary polymeric binders. The S nanosheets served as a model system to investigate
the formation and electrochemical mechanism of its unique nanosheet structure on
Cu current collectors. Compared with S particles, S nanosheet cathode materials
exhibited higher capacity.
Although high capacity has been achieved with the pure S nanosheets, their low
sulfur reactivity and polysulfide dissolution still need to be solved. Thus, we
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designed a sulfur host comprising atomic cobalt-decorated hollow carbon
nanospheres, which was synthesized to enhance sulfur reactivity and to
electrocatalytically reduce polysulfides into the final product, sodium sulfide. It is of
significant interest to observe the transformation of polysulfides to short-chain
sulfides during cycling, which may shed some light on the electrochemical behavior
of RT-Na/S batteries. Herein, I chose operando Raman spectroscopy and synchrotron
X-ray diffraction to detect the intermediate products during cycling, and ab initio
molecular dynamics (AIMD) simulations were used to reveal the decomposition of
the Na2S4 cluster adsorption process on atomic Co/carbon and the carbon support.
Transition metal-based catalysts have received significant attention because of
their low cost and abundance and their generally excellent catalytic performance
across a range of electrochemical reduction reactions. Thus, I designed and
synthesized a new class of sulfur hosts as transition metal (Fe, Cu, and Ni)
nanoclusters (~ 1.2 nm) decorated on hollow carbon nanospheres (S@M-HC) for
RT-Na/S batteries. The introduction of these metals into RT-Na/S batteries to reduce
polysulfides to short-chain sulfides might lower the decomposition energy barrier of
polysulfides. In addition, transition metals such as Fe, Cu and Ni would form
chemical bonds with S and significantly improve the conductivity of an S cathode.
To investigate the functionality of the metal nanoclusters, density functional theory
(DFT) calculations were applied to reveal the decomposition of the Na2S4 following
adsorption on Fe, Cu, and Ni nanoclusters/carbon. These novel S host cathodes will
provide new opportunities to construct electrode materials for various practical
battery technologies.
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1.3. Thesis Structure
For the purpose of developing novel S hosts, three different kinds of S host cathode
materials along with their synthesis strategies are developed in this thesis. Moreover,
in order to study the electrochemical performance of S host cathode materials,
structural characterizations (such as transmission electron microscopy (TEM),
scanning TEM (STEM), thermogravimetric analysis (TGA), X-ray photoelectron
spectroscopy (XPS), and X-ray diffraction (XRD)), electrochemical measurements,
and density functional theory (DFT) calculations were also performed. The outline of
this thesis work is presented as follows:
Chapter 1 introduces the background of S host cathode materials in energy
storage applications and expounds the importance and significance of this work.
Chapter 2 reviews the recent progress on S host cathode materials for RT-Na/S
batteries.
Chapter 3 presents the synthesis methods, as well as the structural and
electrochemical characterization techniques for S host cathode materials.
Chapter 4 introduces in-situ
grown S nanosheets on Cu foam as an ultrahigh electroactive cathode for roomtemperature Na-S batteries.
Chapter 5 presents atomic cobalt as an efficient electrocatalyst in sulfur
cathodes for superior room-temperature sodium-sulfur batteries.
Chapter 6 investigates the potential for long-life room-temperature sodiumsulfur batteries by virtue of transition metal nanocluster-sulfur interactions.
Chapter 7 summarizes this thesis and gives some prospects for the synthesis of
S host cathode materials for metal sulfur batteries.
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Chapter 2
2. Literature Review
2.1. The principles of RT-Na/S batteries
Lithium-ion batteries (LIBs) have attracted significant attention in recent decades
due to their high capacity and high energy density

[1-3]

. It is worth noting, however,

that LIBs may be not favourable for large-scale stationary energy storage (such as for
electrical vehicles and large-scale grids) due to the high cost and scarcity of Li
resources

[4-6]

. Thus, various kinds of emerging energy storage systems, such as

lithium sulfur batteries [7-10], sodium ion batteries [11-14], and RT-Na/S batteries [15-18],
are currently attracting tremendous attention. Lithium-sulfur (Li/S) batteries have
attracted intense attention due to their high theoretical specific energy, environmental
benignity, and the low cost and abundance of sulfur

[19-21]

. Due to efforts over a

number of decades, exciting progress on Li-S batteries has been achieved in terms of
high capacity, prolonged service life, and remarkable rate capability, which are
rapidly bringing this system near to delivery to market. Nevertheless, because of the
insufficiency of Li resources, increasing interest is currently being transferred to
batteries based on low-cost and abundant sodium [22,23].
RT-Na/S batteries are among the ideal candidates to meet the scale and cost
requirements of the market due to their overwhelming advantages: the high
theoretical capacity of S (1672 mAh g-1), and its low cost, non-toxicity, and resource
abundance

[24,25]

. Nevertheless, RT-Na/S batteries, which share a similar reaction

mechanism to the Li/S batteries, are facing critical problems with respect to low
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[26, 27]

. The poor conductivity of sulfur and

sluggish reactivity of S with sodium, resulting in a low utilization rate of S and
incomplete reduction to Na2Sx (x ≥ 2), rather than complete reduction to Na2S, are
the main reasons for low accessible capacity. In addition, its fast capacity fade during
the charge-discharge progress is due to the dissolution of long-chain polysulfides in
the electrolyte, which also leads to the rapid loss of active materials.

Figure 2.1 (a) Schematic representation of RT-Na/S batteries on discharge. (b)
Theoretical versus practical discharge capacities of RT‐Na/S cells. Reproduced with
permission [28]. Copyright 2014, Wiley‐VCH.
As shown in Figure 2.1a, cells for RT-Na/S batteries are assembled with S or S
composite as the cathode and sodium metal as anode; organic solvents with dissolved
sodium salts are applied as the electrolyte. During the discharge process, Na is
oxidized into Na+ and electrons. The Na+ ions travel to the cathode through the
electrolyte, and the electrons move to the positive electrode through the external
electrical circuit, thus generating an electrical current. At the same time, S is reduced
into polysulfides and accepts the Na+, leading to the formation of sodium
polysulfides. The reactions in the anode and cathode could be expressed as:
Anode: Na ↔ Na+ + e
Cathode: xS + 2Na+ + 2e ↔ Na2Sx (1 ≤ x ≤ 8)
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As shown in Figure 2.1b, the S is first dissolved and formation of long-chain
sodium polysulfides takes place at a high-voltage plateau near 2.2 V, corresponding
to a solid‐liquid transition (region I ) :
S8 + 2Na+ + 2e ↔ Na2S8
Region II is from 2.2 to 1.65 V, which is a sloping region, corresponding to the
reaction of Na2S8 to form Na2S4:
Na2S8 + 2Na+ + 2e ↔ Na2S4
Region III is at 1.65 V, which is agreement with the transition from Na2S4 to
Na2S3 or Na2S2.
Na2S4 + 2/3Na+ + 2/3e ↔ 4/3Na2S3
Na2S4 + 2Na+ + 2e ↔ 2Na2S2
Na2S4 + 6Na+ + 6e ↔ 4Na2S2
Region IV is the second sloping region, ranging from 1.65 to 1.20 V,
corresponding to Na2S2 transforming into Na2S.
Na2S2 + 2Na+ + 2e ↔ 2Na2S
Among these four reaction regions, region II, i.e. the transformation of longchain Na2S8 tto Na2S4, is the most complicated, while region IV is kinetically slow
and likely suffers from high polarization

[28]

. The theoretical cell capacity of a RT-

Na/S battery is 1672 mA h g−1, according to the reaction equations, which could
provide a competitive, low-cost option and is promising for large-scale energy
storage systems.
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2.2. Cathodes
2.2.1. Conventional sulfur mixed cathode
The insulating characteristic of sulfur and the dissolution of polysulfides in RTNa/S batteries are the two fundamental challenges for their practical application. To
enhance the behavior of sulfur, the most direct way is to mix sulfur into an electrical
conductor, such as carbon or a conductive polymer. Moreover, the conductive
additives, such as Super P, active carbon, or carbon black, usually have a high
surface area and high electrical conductivity, which could also improve the
conductivity of cathode materials. At the same time, the insulating S will be
distributed in the conductive framework, and the sulfur utilization could be enhanced,
with improved conductivity of S in the cathode materials.
Park el al.

[29]

were the first to report a sulfur cathode composed of 20 wt% carbon

black, 10% binder (poly(ethlyene oxide)), and 70 % sulfur, which exhibited an initial
capacity of 489 mAh g-1. The capacity of this sulfur cathode decayed rapidly,
however, over 10 cycles. In order to improve the conductivity of sulfur cathode,
Wenzel et al.

[30]

increased the weight ratio of carbon materials to 40 %, which

delivered a first discharge capacity of 450 mAh g-1, which the cell could maintain
over 40 cycles. Although this physical strategy is simple and effective, it suffers from
low reversible capacity and rapid capacity decay in the course of cycling. This is due
to the fact that this sort of direct mixing lead large quantities of S agglomerated on
the surface of the carbon, which quickly dissolves into the electrolyte.
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2.2.2. Sulfur based composite cathodes
2.2.2.1. S-polymer composite
A composite of sulfur with conductive polymer was first developed by Wang et al.
[31]

, who reacted sulfur with polyacrylonitrile (PAN) at 300 oC. During this process,

the -CN groups in PAN would bond with S species and form an S-PAN composite.
The excess S, not bonded in the -conjugated ring structures, was dispersed in the SPAN composite. The S-PAN composite exhibited a capacity of 500 mAh g-1 over 18
cycles. The electrospinning method is also an effective way to fabricate S-polymer
composites. For example, Hwang et al.

[32]

used the electrospinning method to

synthesize an S-PAN nanofiber mixture. PAN nanofiber was applied to react with
sulfur at the high temperature of 450 oC, form covalent bonds, and form a c-PAN
sulfur (c-PANS) composite, as shown in Figure 2.2. The sulfur was distributed on the
atomic level in the c-PANS, which delivered a capacity of 250 mAh g-1. Thanks to its
robust structure, it could prolong the cycling stability to over 500 cycles. In addition,
this S-polymer could be applied to construct flexible Na-S batteries. Kim et al.

[33]

also used the electrospinning method to synthesize S-PAN web, which could directly
serve as cathode without the addition of a binder or conductive carbon. The S-PAN
web showed a high initial capacity of 1473 mAh g-1 and maintained 266 mAh g-1
over 20 cycles. The improvement of RT-Na/S batteries was mainly attributed to the
chemical bonds between sulfur and the carbon framework, which may slow down the
sodium polysulfide dissolution and achieve high activity between sodium and the S.
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Figure 2.2 Schematic illustration of experimental procedures to produce PANderived carbon–sulfur composite with a 1D fibrous structure. (A) Electrospinning
process for the generation of PAN nanofibers. (B) Carbonization and sulfurization
processes by an annealing step at 450 °C. (C) Structural changes during
carbonization and sulfurization of c-PANS. Copyright 2013, American Chemical
Society. [32]
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2.2.2.2. S-carbonaceous composite
Recently, many works have been reported on incorporating S into carbonaceous
matrices, such as graphene, carbon nanotubes (CNTs), hollow carbon spheres,
mesoporous carbon, and microporous carbon. Researchers usually take advantage of
the morphologies of these carbon materials to accommodate sulfur. For example,
mesoporous carbon has a large pore size, which could improve the weight loading of
S and enhance sodium ion and electrolyte transport. Meanwhile, the cycling
performance RT-Na/S batteries could be improved by modifying the pore size of
CNTs.
CNTs are usually applied as an interwoven conductive network in the S cathode
in metal-sulfur batteries. Xin et al.

[34]

developed the small sulfur clusters (S2-4)

confined in the microporous carbon (pore size of ~ 0.5 nm) layer on CNTs
(S/CNT@MPC), as shown in Figure 2.3. Due to its high activity, the product of S2-4
with sodium is Na2S. Thus, the S/CNT@MPC exhibited excellent electrochemical
performance in RT-Na/S batteries with a high capacity of 1610 mAh g-1. Due to its
short-chain S, the S/CNT@MPC cathode doesn’t form sodium polysulfides, which
avoids their dissolution.
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Figure 2.3. (a) Electrochemical reactions between S and Na+ during the discharge
process. (b) Cycling performance of the S/CNT@MPC cathode at 1 C. Reproduced
with permission. [34] Copyright 2014, Wiley-VCH.
Hollow carbon spheres are also commonly applied to address the issue of serious
dissolution of sodium polysulfides. Lee et al.

[35]

developed hollow carbon spheres

with diameters of ~ 1000 nm as an effective S hosts. They believed that the interior
voids of the hollow carbon spheres could accommodate a large amount of active
sulfur and maintain a high sulfur loading in the composite. In addition, the carbon
shell is able to confine the sulfur and exclude polysulfides from the interior space,
thereby slowing down the shuttle effect. It should be noted that the size of the hollow
carbon may also affect the S-hollow carbon composite by accommodating the core of
active sulfur, which could improve electron transport and enhance its electrochemical
performance. Wang et al.

[36]

explored interconnected mesoporous carbon hollow

nanospheres (iMCHS) with size of ~ 100 nm as an effective S host, as shown in
Figure 2.4. This S-iMCHS composite delivered high capacity retention of 88.8%
over 200 cycles. In addition, the mesoporous carbon shell served as an open active
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diffusion channel for electrons, ions, and electrolyte; the mesopores in the carbon
shell not only could embed sulfur, but also localized the sodium polysulfides. In-situ
synchrotron X-ray diffraction revealed that its mechanism is based on the reversible
reactions between S8 and Na2S4, in agreement with the theoretical capacity of 418
mAh g-1.

Figure 2.4 (a) Schematic illustration of the cycling of S@iMCHS. (b) Rate
performance of RT-Na/S@iMCHS cell at various current densities.

[36]

Copyright

2016, American Chemical Society.
Metal-organic frameworks (MOF) are also effective S hosts. A MOF-derived
zeolitic imidzolate framework (ZIF-8) has been applied for constructing sulfur
cathode.

[37]

The sulfur was infused into ZIF-8 through heating the ZIF-8 and sulfur

at 155 oC for 12 h. The results indicated that the ZIF-8 could immobilize both the
sulfur and sodium polysulfides, so that it delivered a reversible capacity of ~ 1000
mAh g-1 at 0.1 C and retained 500 mAh g-1 at 0.2 C over 250 cycles. Wei et al.

[38]

explored metal-organic framework (MOF)-derived microporous carbon polyhedron
sulfur composite (MCPS) as sulfur host. The microporous carbon could provide
strong physical confinement of sulfur and polysulfides owing to its small pore sizes
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and the good affinity of carbon for S. By using a liquid carbonate electrolyte
containing the ionic liquid (IL) 1-methyl-3-propylimidazolium-chlorate tethered to
SiO2 nanoparticles, the MCPS could cycle stably with capacity of 600 mAh g-1 at 0.5
C (1 C = 1675 mAh g-1), as shown in Figure 2.5.

Figure 2.5. (a) Schematic illustration of RT-Na/S batteries during cycling, using
SiO2–IL–ClO4 as additive in 1 M NaClO4 in ethylene carbonate/propylene carbonate
(EC/PC). (b) Discharge and charge curves; and (c) Cycling performance and
Coulombic efficiency of RT-Na/MCPS-S batteries at various cycles.
2016, Nature Publishing Group.

[38]

Copyright
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2.2.2.3. S-metal oxide cathodes
Apart from the sulfur-carbon composite materials, metal-oxide compounds were also
applied in RT-Na/S batteries, due to their success in Li-S batteries.

[39-41]

Among

these metal oxides, TiO2 has been demonstrated to be a promising S host because of
its strong inherent polarization. [42] For example, Cui and co-workers [43] designed STiO2 yolk-shell structured nanoparticles for S electrode, which exhibited excellent
stability. Yan et al.

[44]

explored free-standing carbon/sulfur/BaTiO3@amorphous

TiO2 atomic layers (CSB@TiO2) for RT-Na/S batteries, as shown in Figure 2.6. The
CSB@TiO2 cathode delivered a high initial capacity of 525 mAh g-1 and retained
382 mAh g-1 over 1400 cycles at 1 A g-1. The excellent performance of CSB@TiO2
electrode is mainly attributed to its unique BaTiO3-C-TiO2 synergetic structure,
which is able to effectively inhibit the shuttle effect and accommodate volumetric
variations.
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Figure 2.6 (a) Schematic illustration of the synthesis of CSB@TiO2. Field emission
scanning electron microscope (FESEM) images of (b) C/S, (c) C/S/BTO, and (d)
CSB@TiO2 electrodes. (e), (f) Cycling and rate performances of C/S, C/S/BTO, and
CSB@TiO2 electrodes. Reproduced with permission.

[44]

Copyright 2018, Wiley-

VCH.
2.2.2.4. S-metal sulfide cathodes
Metal sulfides are usually supposed to have the ability to bind polysulfides, thus
slowing down the dissolution of polysuflides in Li-S batteries.

[45, 46]

Therefore,
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researchers have believed that these metal sulfides will be able to prevent the
dissolution of sodium polysulfides in RT-Na/S batteries. Yao et al. [47] demonstrated
that S0.6Se0.4 could physically and chemically confine sodium polysuflides by the
formation of C-S bonds, alleviating the dissolution of sodium polysulfides. This
flexible S0.6Se0.4@carbon nanofiber (CNF) electrode delivered an excellent cycling
capacity of 375 mAh g-1 over 100 cycles with Coulombic efficiency near 100%, as
shown in Figure 2.7. With the aid of Cu nanoparticles, Zheng et al.

[48]

proved that

high-surface-area mesoporous carbon (HSMC) is an effective S host. After loading S,
some part of the Cu nanoparticles would be sulfidized to CuSx; this Cu/CuSx is
thought to play a significant role in its enhanced electrochemical performance in RTNa/S batteries, which not only improves the electronic conductively of S but also
assists in immobilizing the polysulfides. The HSMC-Cu-S cathode delivered a high
capacity of ~ 610 mAh g-1 over 110 cycles.
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Figure 2.7 (A) and (B) Schematic illustration of the synthesis of S1−xSex@CNFs
electrode. (C) and (D) Cycling and rate performance of S0.6Se0.4@CNFs in RT Na–S
batteries. [47] Copyright 2018, Wiley-VCH.

2.2.3. Sodium Polysulfide/Sulfide Cathodes
2.2.3.1. Na2S6-MWCNT Composites
The use of long-chain sodium polysulfides as cathode materials in RT-Na/S batteries
was explored by Yu etl al. [49] As shown in Figure 2.8, solid S was replaced by liquid
Na2S6, which was homogeneously distributed in multiwall carbon nanotubes
(MWCNT) to improve its electrochemical activity. The MWCNT was applied as a
current collector to construct the Na2S6/MWCNT binder-free electrode; it maintained
a reversible capacity of ~ 400 mAh g-1 after 30 cycles. This work provides a unique
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viewpoint to understand the Na storage mechanism: apart from its use as the current
collector, the MWCNT also acts as a trapping interlayer. Later on, Yu et al.

[50]

further developed Na2S6 supported on activated carbon dispersed on carbon
nanofiber fabric with a Nafion membrane. This Nafion membrane acted as an ion
selective separator, which enhanced the Na+ conductivity but decreased the
permeation of long-chain polysulfides, showing a high reversible capacity of ~ 600
mAh g-1 with cycling stability over 200 cycles.

Figure 2.8 (a) and (b) Schematic illustration of the synthesis of Na2S6 and a
Na/dissolved‐polysulfide battery with a MWCNT fabric electrode, (c) cycling
performance of the Na/sodium polysulfide cell. Reproduced with permission.
[49]

Copyright 2014, American Chemical Society.

2.2.3.2. Na2S-C Composites
Yu et al.

[51]

also studied Na2S cathode in RT-Na/S batteries. The Na2S slurry was

made from MWCNTs, Na2S powder, and tetraethylene glycol dimethyl ether
(TEGDME) solvent. After continuous stirring, the Na2S slurry was injected into
binder-free

MWCNT

fabric

to

create

the

Na2S-MWCNT

cathode.

The
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Na2S/MWCNT cathode delivered a high reversible capacity of 650 mAh g-1 over 50
cycles at 167 mA g-1. Moreover, Nafion membranes were also utilized as separators
to decreased the long-chain polysulfides permeation. [52] The Nafion membranes also
could improve the cycling stability of RT-Na/Na2S-MWCNT cells, exhibiting a high
capacity of ~600 mAh g-1 over 100 cycle.

Figure 2.9 (a) Schematic illustration of a RT-Na/Nafion-Na2S/AC–CNF cell. (b)
Cycling performance of the Na/sodium polysulfide cell. Reproduced with permission.
[52]

Copyright 2016, American Chemical Society.

2.3. Electrolytes
2.3.1. Ether-based electrolyte
A great deal of ether solvents have been studied in the Li/S batteries, which showed
great promising candidate

[53-55]

. The long‐chain analogs usually present a better

electrochemical performance when compared with small‐molecule ethers, because of
their stability and non‐flammability at a high potentials. The tetraethylene glycol
dimethyl ether (TEGDME) exhibit an excellent electrochemical performance in Li-S
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batteries, due to the fact that it has great solvation of O atoms, thus solubilizing the
Li+ and dissociating polysulfide [54].
However, studies showed that the ethers based liquid electrolyte solvents, including
TEGDME and tetraglyme, may result in a low capacity

[56, 57]

. The capacity only

showed ~ 350 to 550 mA h g−1, which indicated that the overall composition product
is Na2Sx, not the complete product Na2S. The low capacity of the ether‐based
electrolyte is likely attributed to the high dissolution of high chain sodium
polysulfides, leading to the loss of active materials. Therefore, during the cycling, the
RT-Na/S batteries based on the ether‐based electrolyte will go through the severe
shuttle effect, resulting in the fast capacity decay and low capacity. It is significant to
explore advanced electrolyte to achieve high capacity and prevent shuttle effect
during cycling.

2.3.2. Carbonate-based electrolyte
Different from the ether, the carbonate solvents often have a better ionic conductivity
and higher electrochemical stability. However, it should be noted that in Li-S
batteries, carbonates could react with polysulfides via a nucleophilic reaction in the
first discharge process, which could lead in electrolyte’s degradation, active
materials’ loss and capacity decay

[58, 59]

. Nevertheless, the carbonate‐based

electrolytes are widely applied into Li-S batteries, especially for these sulfur
completely encapsulated and covalently immobilized into sulfur hosts composites [6062]

.

As for in RT‐Na/S batteries, the carbon‐based electrolytes, such as sodium
perchlorate (NaClO4) in ethylene carbonate (EC)/dimethyl carbonate (DMC) and
NaClO4 in EC/propylene carbonate (PC), are widely studied to achieve a better
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. Interestingly, the voltage profiles of carbonate‐based electrolyte

batteries are different from those of ether‐based electrolytes batteries

[56]

. In the

subsequent cycling, the capacity of the cell with carbonate‐based electrolyte is below
1.5 V, which suggested that their mechanism may be different from those of batteries
with ether‐based electrolyte. Meanwhile, it also could be observed that the formation
of high chain sodium polysulfides may react with the carbonate in the RT‐Na/S
batteries with carbonate based electrolyte [63, 64]. Therefore, a great deal of researches
also focused on the S embedded into S hosts to avoid the decomposition of carbonate
based electrolyte. Wang et al.

[65]

and Hwang

[66]

et al. have proved that when S is

embedded in the PAN-based S hosts could exhibit an excellent performance in
EC/DMC electrolyte. At the same time, Xin et al.

[34]

also demonstrated that short-

chain sulfur (S2‐4) embedded in MPC matrix could exhibit an excellent performance
in EC/PC electrolyte.
In order to explore high capacity of RT‐Na/S batteries, novel electrolyte also have
been explored by researchers. For example, the SiO2 nanoparticles have been added
into a liquid carbonate electrolyte containing the ionic liquid (IL) 1-methyl-3propylimidazolium-chlorate tethered severed as new type of electrolyte, which have
been demonstrated that it could cycle stably [38].

2.3.3. Separator
It is well known that the glass fiber and polypropylene separators are usually
employed in RT‐Na/S batteries. However, it should be noted that the long chain
polysulfides are able to diffuse into the separators through their micron-pores,
resulting in loss of active materials during cycling [67]. An effective way is to modify
the surface of separator, for example functionalized membranes, which could
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enhance the capacity and cycling stability. Inspiration form Li-S batteries

[68-70]

,

studied on RT‐Na/S batteries are transforming into to ionic separators.
Bauer et al.

[71]

demonstrated that when the polypropylene separator was coated a

thin layer of Nafion, the shuttle effect could be suppressed. This modified
polypropylene separator, with cation selective, was able to slow down the diffusion
of polysulfide anions, thereby prohibited the polysulfide shuttle and exhibited good
cycling stability. Moreover, Yu et al.

[50, 52]

explored a new type Na-Nafion

membrane with non‐porous for Na+ ion exchange. This Na-Nafion membrane with a
high ionic conductivity about 2.7 × 10-5 S cm-1, is prone to exchange of Na+. As
shown in Figure 2.10, the Na-Nafion membrane contained a hydrophilic ion‐cluster
region and other hydrophobic region. The clusters in hydrophilic region are
connected to each other via the hydrophilic channels. In addition, Na-Nafion
membrane has a great deal of -SO3− groups on the pore surface, which could provide
a negative environment to suppress the shuttle of sodium polysulfide.

Figure 2.10 (a) The structure of Nafion® membrane. (b) The schematic illustration
of Na-Nafion membrane with -SO3− groups to suppress the shuttle of sodium
polysulfide. Reproduced with permission.
Society.

[52]

Copyright 2016, American Chemical
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2.4. Anodes
As for anode in RT-Na/S batteries, almost all of them are utilized sodium metal as an
anode, which has a low redox potential and high theoretical capacity. Nevertheless,
researchers are worried about the safety issues of sodium metal anode in liquid
electrolytes. Another problem is that the generation of sodium dendrites during
discharge/charge processes, which may penetrate the glass fibre, resulting in short‐
circuit. Hassoun and co-workers

[72]

have developed the Na-Sn-C alloy to serve as

anode. This Na-Sn-C alloy anode would enhance the cycling stability; however, it
should be noted that it also decreased the RT‐Na/S batteries’ output voltage. She et al.
reported that the liquid electrolyte (NaPF6 in glymes) would avoid the formation of
dendritic sodium. Recently, researchers reported that liquid carbonate electrolyte
containing SiO2–IL–ClO4 as an additive also would protect the sodium anode

[38]

.

This additive was found that it could stabilize electrodeposition. Therefore,
investigation on the sodium metal anode will realize the safety and high capacity of
RT‐Na/S batteries.

2.5. Summary
To summarize, we have reviewed the recent advances on RT-Na/S batteries,
including the technical challenges and significant progress. These challenges and
essential principles are the most critical factors for the practical application of RTNa/S batteries. By focusing on functional sulfur composites, efficient electrolytes,
and novel cell configurations, significant breakthroughs have been achieved in RTNa/S batteries in recent years. Introducing a carbon matrix could directly improve the
conductivity of sulfur cathode, and the nanoscale composites will facilitate electron
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and ion transport. In addition, a porous carbon matrix is able to trap the sodium
polysulfide intermediates. This type of sulfur cathode can usually achieve excellent
electrochemical performance in terms of superior reversible capacity, cycling
stability, and rate performance. Meanwhile, the electrolyte also will affect the
sodium polysulfide migration during cycling. For example, the sodium polysulfides
are prone to dissolving into TEGDME, while they have low solubility in PC-EC
based electrolyte.
The technology of emerging room-temperature Na-S batteries (RT- Na/S) is still
in its infancy, and despite significant publications there is still no practical battery;
research, therefore, is being directed to understanding the fundamentals of the
mechanism between Na and S. The low activity of sulfur and the “shuttle effect” are
the critical challenges that need to be addressed for RT-Na/S batteries. Recently,
metal nanoparticles, metal sulfides, and metal oxides have been proved to be
effective S hosts in Li-S batteries, which showed superior ability to increase the
sulfur utilization and enhance the cycling performance. The effects of this
mechanism have been confirmed by theoretical calculations and experimental results,
which could increase the conductivity of sulfur, the ability to trap polysulfides, and
their electrocatalytic capability. For RT-Na/S batteries, researchers should pay more
attention to both exploring suitable S host material and the conversion mechanism of
sodium polysulfides. Meanwhile, great attention also should be paid to understanding
the sodium storage mechanisms for different kinds of S host materials and
electrolytes.
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Chapter 3
3. Experimental Procedures
3.1. Chemicals and Materials
The chemicals and materials used in this thesis are shown in Table 3.1.
Table 3.1 Chemicals and materials used in this thesis.
Chemicals

Formula

Purity (%)

Supplier

Si

99

Sigma-Aldrich

C2H5OH

Reagent

C19H42BrN

98

Sigma-Aldrich

Resorcinol

C6H6O2

99

Sigma-Aldrich

Copper(II) chloride

CuCl2 2H2O

99

Sigma-Aldrich

Hydrochloric acid

HCl

37

Sigma-Aldrich

Cobalt(II) chloride

CoCl2

99

Sigma-Aldrich

Nickel(II) chloride

NiCl2 6H2O

99

Sigma-Aldrich

FeCl3·6H2O

98+

Sigma-Aldrich

Ammonium hydroxide

NH4OH

28-30

Sigma-Aldrich

Carbon black

C

Super P

Timcal Belgium

Copper foil

Cu

N/A

Vanlead Tech

CR2032 type coin cells

N/A

N/A

China

99+

Sigma-Aldrich

99+

Sigma-Aldrich

Commercial Silicon
nanoparticles
Ethanol
Cetyltrimethylammoniu
m bromide

Iron(III) chloride
hexahydrate

Carboxymethyl cellulose
(CMC)

Ethylene carbonate (EC)

Chem-Supply Pty.
Ltd.
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Propylene carbonate
(PC)

Fluoroethylene carbonate
(FEC)
Sodium metal
Sodium perchlorate

Na
NaClO4

99+

Sigma-Aldrich

99

Sigma-Aldrich

99.9

Sigma-Aldrich

+

Sigma-Aldrich

98

3.2. Characterization Techniques
3.2.1. Thermogravimetric Analysis (TGA)
TGA is applied to determine the content of sulfur in S host materials from the weight
loss as the sample is heated. A TGA Instrument 2000 was used to calculate the sulfur
content in this thesis work.

3.2.2. X-ray Powder Diffraction (XRD)
XRD is a rapid analytical technique to identify the phase of crystalline materials,
which could offer information on their dimensions. Nowadays, XRD is a familiar
technique to study the crystal lattices and structures of materials. The interaction
between samples and the X-rays will create constructive interference and diffracted
rays when the conditions meets Bragg's law: 2d sinθ = nλ.
Here, d refers to the distance between lattice planes, and θ is the incidence angle; n
represents any integer; λ refers to X-ray wavelength of the beam. In this thesis, the
crystal structures of materials were investigated by powder XRD (GBC MMA
diffractometer) with Cu  radiation.
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3.2.3. Raman Spectroscopy
Raman spectroscopy is a common technique to study the structure of molecules,
which is commonly used in the materials and chemistry fields. In this thesis work,
we used Raman spectroscopy to investigate the transformation of polysulfides and
sulfides. The in-situ Raman cell was bought from Shenzhen Kejing Star. The in situ
Raman spectra were collected with a Renishaw InVia Raman microscope, with
excitation at 532 nm laser wavelength and a L50× objective lens. The spectra were
collected in galvanostatic mode when the in-situ Raman cell was discharged/charged
at a current rate of 500 mAg−1 using a computer controller (CHI 660D). The
acquisition time for each Raman spectrum was 60 s, and lower laser power was
utilized to avoid electrode damage during the long-term measurements.

3.2.4. X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a commonly surface technique, which is
a surface-sensitive quantitative spectroscopic technique. XPS can be used on a large
number of materials and offer the chemical states, elemental composition, and other
valuable quantities. The XPS spectra are recorded by irradiating the sample with a
beam of X-rays, while simultaneously measuring the kinetic energy and number
of electrons. The electrons are usually within an escape depth from 0 to 10 nm of the
analysed material sample. In this work, XPS measurements (PHOIBOS 100 Analyser,
SPECS) were carried out using Al Kα radiation and fixed analyser transmission
mode: the pass energy was 60 eV for the survey spectra and 20 eV for the specific
elements. The data was analysed with Casa XPS software, and these spectra were
calibrated by the carbon C 1s peak at 284.6 eV.
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3.2.5. Scanning Electron Microscopy (SEM)
The scanning electron microscope (SEM) is one kind of electron microscope, which
uses a high energy beam of electrons to scan the surface of a sample and produces
images of the sample. The electrons can react with atoms in the samples, which will
generate various kinds of signals, including information onthe sample surface
topography and the chemical composition of the material. The electron beam is often
scanned by a raster scan pattern, while the electron beam’s position combined with
the detected signals could generate an image of the sample.

In this work, the

morphology of various S hosts was detected by a field emission scanning electron
microscope (FESEM, JSM-7500FA, JEOL, Tokyo, Japan) in UOW.

3.2.6. Transmission Electron Microscopy (TEM) and Scanning
Transmission Electron Microscpy (STEM)
Transmission electron microscopy (TEM) is a well-known microscopy technique, in
which a beam of electrons is transmitted through a sufficiently thin specimen,
forming an image. The image is generated from the interaction between the sample
and the beam of electrons through the sample. TEM usually is applied to investigate
a material’s morphology, elemental composition, electronic structure, and crystal
structure, and it is one of the main analytical methods in chemical, physical,
nanomaterials, and even biological sciences.
Scanning transmission electron microscopy (STEM) is a type of TEM. In a similar
way to the usual TEM, the images are generated by directing a beam of electrons
through a specimen. Unlike TEM, the beam of electrons in an STEM model are
focused to a fine spot (~ 0.05 to 0.2 nm), which is scanned over the sample in a raster
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illumination system. The beam through the sample mode means that STEM is
suitable for various analytical techniques, for example energy dispersive X-ray
spectroscopy (EDS), electron energy loss spectroscopy (EELS), and Z-contrast
annular dark-field imaging (ADF). These signals can be obtained, which are able to
directly correct the images and confirm the quantitative data. In this thesis, TEM was
carried out on a JEOL 2011, 200 keV, and STEM was performed on a JEOL ARM200F, 200 keV.

3.3. Electrochemical Measurements
3.3.1. Electrode Preparation for RT-Na/S batteries
The electrochemical tests were conducted by assembling coin-type half-cells in an
argon-filled glove box. The slurry was prepared by fully mixing 70 wt. % active
materials, 10 wt. % carbon black, and 20 wt. % carboxymethyl cellulose (CMC) in
an appropriate amount of water via a planetary mixer (KK-250S). Then, the obtained
slurry was pasted on Cu foil using a doctor blade to a thickness of 100 µm, which
was followed by drying at 80 °C in a vacuum oven overnight. The working electrode
was prepared by punching the electrode film into discs 0.97 cm in diameter. Sodium
foil was employed as both reference and counter electrode. The electrodes were
separated by a glass fibre separator. For the electrolyte, a solution of 1.0 M NaClO4
in propylene carbonate/ethylene carbonate in a volume ratio of 1:1 with 5 wt%
fluoroethylene carbonate additive (PC/EC + 5 wt% FEC) was prepared and used in
this work. The electrochemical performance was tested on a LAND Battery Tester
with a voltage window of 0.8-2.8 V. All the capacities of cells have been normalized
based on the weight of sulfur.
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Figure 3.1 Schematic illustration of half-cell assembly.

3.3.2. Cyclic Voltammetry (CV)
Cyclic voltammetry (CV) is a kind of potentiodynamic electrochemical measurement,
which is a common technique to study the redox reactions in electrochemical
systems. When a CV experiment is carried out, the working electrode potential is
varied linearly with time, and it will ramp in the opposite direction to return to the
initial status. In addition, many cycles of ramps are repeated several times as needed.
CV is normally used to investigate the intermediates in the redox reactions, the
products of the reactions, the electron transfer kinetics, and the reversibility of the
redox reactions. The CVs in this work were collected on a Biologic VMP-3
electrochemical workstation with a voltage window of 0.8 - 2.8 V.

3.3.3. Galvanostatic Charge-Discharge
Galvanostatic charge-discharge measurements were carried out to study the specific
capacity and cycling performance of the cathode materials at constant current density
in particular voltage ranges. The rate capability of cathode materials was investigated
at various current densities. The charge and discharge specific capacity is equal to
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the total electron charge in related processes, which could be analysed from the
corresponding current and total time. In this thesis work, the electrochemical
performance was tested on a LAND Battery Tester with a voltage window of 0.82.8 V.

3.3.4. Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is a very important experimental
method to investigate the inner resistance of a system. The EIS data usually must be
interpreted by models including the equivalent electrical circuit elements, which are
made up from capacitors, inductors, and resistors. Thus we could obtain data on
double layer capacitance, ohmic resistance, and charge transfer resistance from EIS.
The impedance spectrum is usually made up of a semicircle at low frequency and a
linear tail at high frequency. The linear tail usually reflects the diffusion of ions from
the electrolyte into the electrode materials. In this thesis work, EIS spectra were
recorded on a Biologic VPM3 electrochemical workstation.
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Chapter 4
4. In-situ grown S nanosheets on Cu foam:
An ultrahigh electroactive cathode for
room-temperature Na-S batteries
4.1. Introduction
Developing renewable energy storage systems has become a common vision all over
the world, since it is imperative for resource sustainability and long-term
development of human society. Among the various advanced energy storage devices,
alkali metal-S batteries (such as Li-S and Na-S batteries) are especially attractive
because of their super-high specific energy

[1-4]

. Na-S batteries share a similar

mechanism to that of Li-S batteries, involving a conversion reaction with two
electrons per sulfur atom

[5-8]

. Nevertheless, RT-Na/S batteries tend to show inferior

electrochemical performance in test cells, in terms of low accessible capacity and
rapid capacity decay on cycling

[9-10]

. In addition, intensive research has been

conducted to monitor the multi-step reaction mechanism of RT-Na/S batteries

[11-13]

,

which involves a series of intermediate redox species, including high-order (Na2Sn, 4
≤ n ≤ 8) and low-order (Na2Sm, 2 < m < 4) sodium polysulfides, and the final product
Na2S. The long-chain polysulfides (Na2Sn) could dissolve in the electrolyte and
freely migrate between cathode and anode, which results in rapid capacity fade
during cycling, i.e. the “shuttle effect”

[7]

. It is important to rationally design
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advanced S materials to obtain high electrochemical activity and prevent the
polysulfide shuttle.
There have been many research efforts, and considerable progress has been made
toward constructing various S hosts, such as hollow C spheres

[14]

, one-dimensional

(1-D) C fibers [10], and microporous carbon polyhedral [8]. It is noteworthy that Zheng
et al.[15] reported that Cu nanoparticles could assist in the immobilization of S in
high-surface-area mesoporous carbon (HSMC) (denoted as HSMC-Cu-S), leading to
significant enhancement in RT-Na/S batteries capacity retention, as high as 610 mAh
g-1 after 110 cycles. Nevertheless, the state of S in these S hosts, which affects the
electrochemical performance of RT-Na/S batteries, has not been determined

[16-17]

.

Moreover, the electrochemical performance of materials strongly depends on their
structure

[18]

. The encapsulation of 1-D S chains has been reported in single- and

double-walled carbon nanotubes (CNTs)

[19]

, which showed high electrochemical

performance [17]. Except S chain, small S molecules (S2-4) cathode also attracts many
attentions due to its high electrochemical reactivity and stable cycling ability

[20]

.

These S chains and small S molecules give us a hit that exploring new distinctive S
morphologies (for example two-dimensional (2-D) S structure), therefore, will open
the gate to understanding the impact of S structures on their electrochemical behavior.
In this work, we have incorporated commercial S particles into the condensation
process between poly(acrylic acid) (PAA) and carboxymethyl cellulose (CMC)，
which could assist in the in-situ growth of S nanosheets on Cu foam substrate. This
2-D S nanosheet structure, when applied as cathode in RT-Na/S batteries, could
deliver ultra-high capacities with initial reversible capacity of 1403 mAh g-1. The
ultimate three-dimensional (3-D) electrode structure, incorporating the nanosheets
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with copper foam, is vital to reach the utmost capacity of S. The S cathode possesses
high electronic conductivity due to the intimate contact between the S and the Cu
foam. On the other hand, the foam structure of Cu substrate could provide extra
multi-dimensional space to accommodate the subsequent volume changes of S and
the deposition of discharge products. The well-defined S cathode provides an ideal
model system to investigate the electrochemical sodiation/desodiation behavior of 2D S nanosheets. The mechanism of the S nanosheet cathode was studied by in-situ
Raman spectroscopy, which provides the detailed information on various polysulfide
intermediates during the initial charge and discharge curves. During the discharge
process, S8 is reduced in an orderly manner into Na2S5, Na2S4, Na2S2, and Na2S; then,
Na2S is gradually and reversibly oxidized back to S8 when charged to 2.8 V.

4.2. Experimental Section
4.2.1. Samples preparation
All the chemicals were used as received without further purification. All the
chemicals, including Sulfur powder, NaClO4 (98%), propylene carbonate (99.7%),
ethylene carbonate (99%), fluoroethylene carbonate (99%), carbon black, doublewalled carbon nanotubes (CNTs), carboxymethyl cellulose (CMC) (average Mw
~250,000), and poly(acrylic acid) (PAA) (average Mv ~450,000), Cu foam, and glass
fibre, were purchased from Sigma-Aldrich. The electrode slurry was prepared by
fully mixing 60wt% S, 10wt% carbon black, 10wt% CNT, 10wt% CMC and 10wt%
PAA in an appropriate amount of water by planetary mixer (KK-250S). Then, it was
pasted on Cu foam, which was followed by drying at 150 ˚C or 50 ˚C for 2 hours in a
vacuum oven, named as S nanosheets@Cu foam-150 (S nanosheets structure) or S
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particles@Cu foam-50 (S particles). The electrode slurry pasted on Cu foil and Al
foil, which were used a doctor blade with a thickness of 100 mm, and then drying at
150 ˚C for 2 hours in a vacuum oven (named as S/Cu foil-150 and S/Al foil-150).

4.2.2. Electrochemical measurement
The electrochemical tests were conducted by assembling coin-type half-cells in an
argon-filled glove box. The Cu foam was cut by 1 cm*1 cm, Cu foil and Al foil
working electrode was prepared by punching the electrode film into discs 0.97cm in
diameter.
To evaluate the amount of S embedded in the Cu foam, Cu foil and Al foil after
drying at 150 ˚C, we use “weight loss method”: four pieces of blank Cu foam (m1),
Cu foil and Al foil were weight; electrode slurry was pasted on them, dried on roomtemperature, and then at 50 ˚C for 2 hours in a vacuum oven. After natural cooling,
their qualities were weight (m2); finally, dried at 150 ˚C for 2 hours in a vacuum
oven, and weight their qualities (m3). The S loading ratio of S (s) embedded in the
Cu foam, Cu foil and Al foil are:
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Table 4.1 Weight loss of Cu foam, Cu foil and Al foil.
Average
No.

m1/g

m2/g

m3/g

s/%

1

89.94

90.08

91.67

27

Cu

2

136.94

141.77

139.65

29

foam

3

146.38

152.02

150.02

27

4

120.93

123.80

123.80

35

1

6.31

6.81

6.58

26

2

6.25

6.78

6.58

36

3

6.18

7.27

6.90

39

4

6.25

6.80

6.57

31

1

3.44

4

3.73

23

2

3.46

3.87

3.69

29

3

3.38

4.02

3.71

22

4

3.40

3.78

3.59

20

s/%

29.5

Cu foil

33

Al foil

23.5

4.3. Results and Discussion
The formation of S nanosheets is schematically illustrated in Figure 4.1a. S cathode
slurry, composed of 60% S particles, 10% CMC, 10% PAA, 10% carbon black, and
10% multi-wall carbon nanotubes (CNTs), is pasted on Cu foam, followed by heattreatment at 150 ˚C for 2 hours under vacuum. The S nanosheet structure is formed
(denoted as S nanosheets@Cu foam-150), as illustrated in Figure 4.1b, with the
thickness of the nanosheets about 40 nm. The formation of S nanosheets is likely due
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to the synergistic effects of the Cu foam, high temperature, and binders. Cu foam
could assist to immobilize S and provide free space for the reaction between S and
the binders. Furthermore, the high temperature of 150 ˚C under vacuum provides the
energy for the condensation reaction between PAA and CMC, which allows
hydroxyl moieties of CMC to react with carboxylic acid groups of PAA, forming
ester groups by inter-chain cross-linking (3-D cross-linked polymeric binder)

[21]

.

Meanwhile, S can melt and diffuse at the temperature of 150 ˚C, which likely enables
S liquid to flow into the interior pores of Cu foam and participate in the condensation
process between binders. In order to deduce the formation mechanism of the S
nanosheets, several control experiments were conducted. When the drying
temperature was decreased to 50 ˚C (Figure 4.2), S@Cu foam electrode showed a
particle-like structure (S particles@Cu foam-50) instead of the 2-D nanosheets at 150
˚C. Element mappings of the particles and nanosheets, in Figure 4.2b and Figure 4.1c,
demonstrate that both samples are pure sulfur without any composites being formed.
On the other hand, S/Cu foil-150 and S/Al foil-150 have been prepared via the same
procedures, only with two different substrates of Cu foil and Al foil, respectively. As
shown in Figure 4.3, both electrodes show a particle-like structure. Finally, the
condensation reaction of the binary binders

[11]

also plays an important role in

forming S nanosheets. When the binder is PAA or CMC alone, the S@Cu foam at
150 oC cannot form the nanosheet structure (Figure 4.4). The powder X-ray
diffraction (XRD) patterns of S nanosheets@Cu foam-150, S particles@Cu foam-50
and S powder are displayed in the Figure 4.5. Besides of S pure peaks, both S
nanosheets@Cu foam-150 and S particles@Cu foam-50 electrode show the presence
of Cu sulfides, indicating the polarization of Cu current collector. The peaks at 27.9°,
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33.0°, 39.2° and 52.8° of S particles@Cu foam-50 could be indexed to be (102),
(111), (104) and (212) of Cu2S (JCPDF no. 00-029-0578); two peaks of 39.2° and
46.6° evolved at nanosheets@Cu foam-150 correspond to (105) and (110) of CuS
(JCPDF no. 75-2236). The content of CuS in S nanosheets@Cu foam-150 is
estimated to be ~9.62%, as shown in Figure 4.6 and Table 4.2; and Cu2S account
~3.65% in S particles@Cu foam-50 in Figure 4.7 and Table 4.3. The partial
polarization of Cu current collector is expected to immobilize the produced
polysulfides via polar-polar interactions. The Cu+ or Cu2+ is able to coordinate with
soluble polysulfide anions (Sn2-), which could effectively hinder the shuttle
phenomenon.
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Figure 4.1. (a) Schematic illustrations of S nanosheets in-situ grown on 3-D Cu
foam; (b) Scanning transmission electron microscope (STEM) image of S nanosheets
and (c) the corresponding mapping of S element.
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Figure 4. 2. (a) HADDF-STEM image of S particles; (b) mapping of S element.

Figure 4.3 SEM image of (a) S/Cu foil-150 and (b) S/Al foil-150.
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Figure 4.4 SEM image of (a) S@Cu foam CMC-150 and (b) S@Cu foam PAA-150.
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Cu(111)
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20
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2 / degree



Figure 4.5 XRD of S nanosheets@Cu foam-150 (red line), S particles@Cu foam150 (blue line) and S power.
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Figure 4.6 SEM images of S nanosheets@Cu foam-150 with different areas (a)-(c);
(d)-(f), the corresponding EDX analysis with (a)-(c).
Table 4.2. EDX analysis for S nanosheets@Cu foam-150 from SEM in figure 4.6.
Position

Cu

Cu

S

(wt.%) (at.%)

(wt.%)

(at.%)

(wt.%)

a

66.46

90.99

23.62

4.90

9.92

4.11

33.54

b

68.38

92.28

20.73

4.41

10.89

4.31

31.62

c

67.71

90.13

23.68

5.74

8.61

4.13

32.29

average

67.52

32.48

Active

20.00

9.62

materials

C

C

S (at.%) CuS
(wt.%)
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Figure 4.7 SEM images of S particle@Cu foam-50 with different areas (a)-(c); (d)(f), the corresponding EDX analysis with (a)-(c).
Table 4.3 EDX analysis for S particle@Cu foam-50 from SEM in figure 4.7.
Position

Cu

Cu

S

(wt.%) (at.%)

(wt.%)

(at.%)

(wt.%)

a

84.97

96.13

11.52

2.42

3.51

1.45

15.03

b

83.43

96.98

13.32

2.71

3.25

1.31

16.57

c

85.34

96.39

11.86

2.49

2.8

1.12

14.66

average

84.58

15.42

Active

20.00

3.65

materials

C

C

S (at.%) Cu2S
(wt.%)
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Figure 4.8 Discharge/charge voltage profiles of RT-Na/S cell of (a) S
nanosheets@Cu foam-150, (b) S particles@Cu foam-50, (c) S/Cu foil-150, and (d)
S/Al foil-150at selected cycles.
Galvanostatic cycling was preformed to evaluate the electrochemical properties of
the four samples (Figure 4.8). All the S cathodes on Cu substrates show evident
improvement in terms of accessible capacity and capacity retention. The selected
charge/discharge curves in Figure 4.8a show that the S nanosheets@Cu foam-150
exhibits a high initial discharge capacity of 3189 mAh g-1 and charge capacity of
1403 mAh g-1 at a current density of 50 mA g-1. The low initial coulombic efficiency
of S nanosheets@Cu foam-150 is 44%. Although it achieved a charge capacity of
1403 mAh g-1, the high initial discharge capacity (3189 mAh g-1) is the main factor
of the low initial coulombic efficiency. Its initial discharge capacity is higher than
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the theoretical capacity of S (1675 mAh g-1), which is attributed to irreversible side
reactions, formation of the solid electrolyte interphase (SEI) film, the
decomposition of the electrolyte
and CuS

[23]

[22]

, and slight capacity contribution of CNTs

[16]

; the S nanosheets@Cu foam-150 electorde possesses the foam-like

structure, in which the electrolyte will penetrate into the internal part and results in
more side reaction and SEI formation. In addition, the specific surface area of S
nanosheets is much higher than bulk S, thereby also leading to more SEI formation
and larger irreversible capacity. The initial discharge capacity of S nanosheets@Cu
foam-150 is over five times higher than that of S @Cu foam-50 (~ 709 mAh g-1,
Figure 4.8b) and that of S/Cu foil-150 (593 mAh g-1, Figure 4.8c). In addition, it is
noteworthy that the capacity of S nanosheets@Cu foam-150 is 942 mAh g-1 after 3
cycles, which is much higher than the initial capacity of S particles@Cu foam-50
(709 mAh g-1). It is evident that 2-D S nanosheets exhibit high electrochemical
performance in contrast to S particles, which confirms the superiority of the 2-D S
nanosheet structure and 3-D Cu foam substrate. In sharp contrast, the S/Al foil-150
electrode is inactive (Figure 4.8d), delivering an initial discharge capacity of only
227 mAh g-1, but no charge capacity is accessible. This suggests that low-cost Cu
(espectially Cu foam) is a favorable current collector for S cathode compared to the
traditional Al. The high capacity is ascribed to the high electrochemical activity of S
nanosheets, which is due to electrocatalysis of the three-dimensional Cu and the
unique nanosheet structure of S. Even though this method is straightforward and
effective for achieving high accessible capacity from S, it is obvious that the 2-D S
nanosheet cathodes suffer from steep capacity decline over cycling, retaining 377
mAh g-1 over 5 cycles. This is because many S nanosheets are isolated and have poor
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contact with the Cu foam and conductive additives. On the other hand, a large
amount of sulfur and non-conductive discharge products agglomerate in the
electrode, which would block electron diffusion and transport, resulting in inferior
electrochemical performance. The initial discharge profile of S nanosheets@Cu
foam-150 shows an obvious high-voltage plateau at 1.69 V (attributed to reduction of
S to Na2Sn, 4 ≤ n ≤ 8) and a long plateau at 1.34 V (corresponding to formation of
Na2Sm, 2 ≤ m < 4). Additionally, two charge plateaus are displayed at 1.58 V and
2.04 V (transformation from Na2S to long-chain Na2Sn, and then to S)

[8, 24]

. It is

interesting that S particles@Cu foam-50 also has two obvious plateaus, which means
that it also goes through S reduction to long-chain Na2Sn, then short-chain Na2Sm. In
contrast, S/Cu foil-150 and S/Al foil-150 both have a long plateau at 1.32 and 1.30 V,
respectively; in particular, S/Al foil-150 presents the lowest voltage plateau,
indicating that Na+ needs to surmount a barrier to react with S8. This barrier likely
results in the lowest capacity being exhibited by S@Al foil-150.
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Figure 4.9 (a) Cyclic voltammograms of S nanosheets@Cu foam-150 in RT-Na/S
cell for 10 cycles within the voltage window of 0.8–2.8 V at a scan rate of 0.1 mV s-1.
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(b) In-situ Raman spectra of RT-Na @S nanosheets cell (left) during the first
charge/discharge process (right).
In order to understand the different electrochemical performances with Cu and Al
current collector, cyclic voltammograms (CVs) and in-situ Raman spectroscopy were
utilized. As shown in Figure 4.9a, during the first cathodic sweep, the S
nanosheets@Cu foam-150 shows two apparent peaks at 1.90 V and 1.47 V,
corresponding to the first two upper plateaus of the initial discharge profile in Figure
4.9a. The first peak may be attributed to transformation of solid sulfur to liquid longchain polysulfides

[12]

; during in-situ Raman testing (Figure 4.9b), when discharged

to 1.60 V, two bands appeared at 201 cm-1 and 289 cm-1, which could be due to the
formation of Na2S5

[25-26]

, which further confirms the formation of long-chain

polysulfides. The second peak at 1.47 V in Figure 4.9a could be assigned to the
formation of Na2S4 [24]; meanwhile, the in-situ Raman results after discharge to 1.4 V
showed three peaks at 257 cm-1, 225 cm-1, and 286 cm-1 along with the disappearance
of the peak at 201 cm-1, indicating the formation of α-Na2S4 or β-Na2S4 [25-26] as well.
The third voltage peak of S nanosheets@Cu foam-150 (at 1.14 V) is supposed to due
to the formation of short-chain Na2S2 [13, 17]. Afterward, Na2S is readily formed after
reduction of Na2S2 at 0.80 V

[24]

. The corresponding in-situ Raman spectrum of S

nanosheets@Cu foam-150 at 0.80 V only shows one peak at 473 cm-1, which is
simlilar to the S8 peak at 474 cm-1 in the state of open circuit potential (OCP). It is
due to the similar Raman fringes of Na2S and S8 [25, 26, 28]. In the following cathodic
scan, four conspicuous cathodic peaks at 2.0 V, 1.57 V, 1.14 V, and 0.80 V are
highly repeatable but with decreasing current, suggesting reversible reactions
between S and Na, but rapid capacity decay of the S nanosheets@Cu foam-150
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cathode. For the anodic sweep, three repeatable peaks at 1.63 V, 1.76 V, and 2.06 V
(then 2.2 V in the following scan) are observed, which could be ascribed to the
staged oxidation process of Na2S to short-chain Na2Sm, and then to long-chain
sodium polysulfides, and finally to S. In addition, the Raman peak of S is blueshifted from 474 cm-1 to 471 cm-1 after the initial discharge/charge process, which is
probably due to the morphological collapse of S nanosheets. The perpetual S peak is
caused by the incomplete reaction of S nanosheets at high current rate (500 mA g-1)
during the in-situ Raman test. In contrast, the S/Al foil-150 has two cathodic peaks at
lower voltage (1.0 V and 1.3 V), as shown in Figure 4.10. The peak at 1.3 V could be
attributed to the transformation of elemental sulfur into long-chain polysulfides
(Na2Sn, 4 ≤ n ≤ 8), and the low-voltage peak (1.0 V) should be attributed to the
sodiation of the chemical bonding in S [13].
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Figure 4.10 Cyclic voltammograms of (a) S particles@Cu foam-50, (b) S/Cu foil-
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150, and (c) S/Al foil-150 in RT Na-S cell in the 9 cycles within the voltage window
of 0.8–2.8 V at a scan rate of 0.1 mV s -1.
The compositional and morphological changes in S nanosheets@Cu foam-150 after
nine cycles were compared and are analyzed. As shown in Figure 4.11, the elements
of S, Na, and F are distributed homogeneously. The Na and S is mainly originated
from the accumulation of the discharge products (Na2S2 and Na2S), and the F is
ascribed to the formation of SEI film and side-products with fluoroethylene
carbonate electrolyte (FEC) additive. STEM images of the S nanosheet cathode
(Figure 4.11a), however, reveal that the morphology of the S nanosheet structure has
collapsed into particles after 9 cycles. This morphological transformation directly
results in the capacity fade of S nanosheets@Cu foam-150, which is in well
agreement with the results in Figure 4.8a. These results prove that S morphology
plays a vital role in its electrochemical performance. On the other hand, the effects of
the substrates can be proposed and are illustrated in Figure 4.11e and 4.11f via the
electrochemical sodiation/desodiation behavior of S nanosheets@Cu foam-150 and
S/Al foil-150. It is found out that the contact interface between substrate and the S is
responsible for Na-storage properties regarding the S electroactivity, shuttle effect,
and capacity decay. Cu foam is advantageous, and when utilized as a substrate, the 3D structrure could provide enough space to accommodate S nanoparticles for the
formation of S nanosheets. As a result, the intimate contact between Cu and S leads
to high-conductivity S electrodes. Moreover, the contact area between Cu foam and
S would become polarized along with the formation of CuSx due to drying of the S
electrodes. All the contact interfaces with polarized Cu (Cux+) are expected to
immobilize the produced polysulfides (Sn2-) and reduce their dissolution in
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electrolyte during charge/discharge processes (Figure 4.11e). In contrast, the
interface between the Al foil surface and S is inactive, and the shuttle effect of Sn2- is
extremely serious during cycling, as shown in Figure 4.11f

[29]

. Consequently, S

electrodes (S nanosheets or S partcies) with Cu substrates exhibit high electroactivity
compared with Al substrate. These findings suggest that more efforts should be made
on the currently ignored current collecors, which will be crucial and effective for the
enhancement of S cathode in RT-Na/S batteries.
Even the best S nanosheets@Cu foam-150 electrode, however, shows rapid capacity
fade and inferior cycling stability, which is because the S nanosheets are directly
exposed and come into contact with the electrolyte. Although the sulfur nanosheets
are not stable, in this work we firstly developed an in-situ strategy to grow S
nanosheets on three-dimensional Cu foam substrates. When utilized as cathode in
RT-Na/S batteries, the S nanosheets cathode could achieve ultra-high electroactivity
with Na, delivering very high initial capacity of 1403 mAh g-1. In addition, the S
nanosheets show clear and complete sodiation/desodiation processes with
conspicuous plateaus in the charge/discharge curves, which could serve as a model
system to investigate the Na-storage properties of S nanosheets and the impact of Cu
current collectors on the S cathode. More importantly, this work suggests that Cu is
promising current collector instead of conventional Al for S cathode.
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Figure 4.11 (a) SEM image of S nanosheets@Cu foam-150 after cycling, with the
corresponding elemental mapping for (b) S, (c) Na, and (d) F. Schematic illustrations
of proposed electrochemical cycling mechanism of (e) Cu foam substrate and (f) Al
foil substrate.
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4.4. Conclusion
In summary, this 2-D S nanosheet structure with 3-D Cu foam as current collector
could achieve high electrochemical activity when employed as cathode for RT-Na/S
batteries. This potential high-capacity behavior proves that the S morphology and the
utilization of Cu foam greatly affect the electrochemical performance of S cathodes
in RT-Na/S batteries. The CV and in-situ Raman reveal that the mechanism in the
RT-Na/S nanosheets cell is proposed to be the staged reduction of S into Na2S5,
Na2S4, Na2S2, and Na2S. More importantly, the Na-storage behavior of on Cu foam
substrate suggests the potential electrocatalytic activity of Cu element in the reaction
between Na and S, which will lead to new strategies for rational design of S cathode
materials for RT-Na/S batteries.
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5.1. Introduction
LIBs play a dominant role in battery technologies for portable electronics because of
their high capacity, high energy density, and reliable efficiency

[1-6]

. Li-S batteries

have attracted intense attention due to their high theoretical specific energy,
environmental benignity, and the low cost and abundance of sulfur

[7-9]

. Due to

efforts over decades, exciting progress on Li-S batteries has been achieved in terms
of high capacity, prolonged service life, and remarkable rate capability, which are
rapidly bringing this system near to delivery to market. Meanwhile, it should be
noted that the battery systems based on Li-ion storage are not suitable for large-scale
applications, due to the high cost and insufficiency of Li resources

[10-11]

. Therefore,

RT-Na/S batteries are among the ideal candidates to meet the scale and cost
requirements of the market due to its overwhelming advantages: a theoretical
capacity of S (1672 mAh g-1), low cost, non-toxicity and resource abundance

[12-15]

.

Nevertheless, RT-Na/S batteries, which share a similar reaction mechanism to the
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Li/S batteries, are facing critical problems with respect to low reversible capacity and
fast capacity fade [16-17]. Hence, effective materials design is the primary factor that is
expected to improve the conductivity and activity of sulfur, and prevent the
dissolution of polysulfides. So far, the reported S hosts (for example, hollow carbon
spheres

[15]

, MCPS

[18)

, and conducting polymer

[19]

) could exhibit decent

enhancement but still exists a huge leap to the standard of practical applications. To
the best of our knowledge, the best rate capacity and longest cycling stability for RTNa/S are the sulfur@interconnected mesoporous carbon hollow nanospheres
(S@iMCHS) (127 mAh g-1 at 5 A g-1)

[20]

mAh g-1 after 500 cycles at 220 mA g-1)

and C-S polyacrylonitrile (c-PANS) (150
[21]

, respectively. It is obvious that the S

cathodes based on traditional carbonaceous host materials are not capable of meeting
the practical targets for large-scale RT-Na/S batteries.
Recently, novel S hosts with inherent polarization, such as metallic oxides

[22]

and

metal sulphides [23], have been investigated in Li/S cells. Compared with bare carbon
materials, these polarized host materials have strong intrinsic sulfiphilic property,
which are able to impede polysulfide dissolution due to the strong chemical
interactions between the polar host materials and the polysulfides. A similar concept
has been demonstrated in RT-Na/S batteries, Cu nanoparticles loaded in mesoporous
carbon are utilized to immobilize the sulfur and polysulfides

[24]

; a novel Cu foam

current collector is able to activate S electroactivity as well [25]. Furthermore, atomicscale metal materials, including single-atom metals (SA M) and metal clusters, in
general, not only possess amazing electronic and reactive properties, but also could
reach the maximum atomic utilization

[26-31]

. It is rational but very challenging to

introduce novel atomic metals into S host, which is expected to maximize the multi-
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functions of polarized S host and achieve extraordinary performance for RT-Na/S
batteries.
Here, we successfully synthesized a highly effective S host with atomic Co
(including SA Co and Co clusters) supported in micropores of hollow carbon
nanospheres (HC). The HC nanospheres are employed as ideal frameworks, which
could allow initial anchoring of Co nanoparticles and subsequent S encapsulation. In
each HC reactor, it is interesting that the diffusion of S molecules can serve as
traction for atomic Co (Con) migration into C shells, forming a novel Con-HC host.
An S composite, S encapsulated in Con-HC host (S@Con-HC), is prepared by simply
tuning the reaction temperature. When applied in RT-Na/S batteries, the S@Con-HC
cathode exhibits outstanding electrochemical performance, which suggests that the
maximized atomic utilization could optimize the multiple functions of Co metal
towards enhancing S conductivity, activating S reactivity, and immobilizing S and
polysulfides. More specifically, the S@Con-HC achieves remarkable cycling stability
(507 mAh g-1 after 600 cycles at 100 mA g-1) and rate performance (220.3 mA h g-1
at 5 A g-1). A deep insight into the mechanism has also been obtained by cyclic
voltammetry (CV), operando Raman spectroscopy, synchrotron X-ray diffraction
(XRD), and density functional theory (DFT), confirming that atomic Co could
alleviate the “shuttle effect” and also effectively electrocatalysts the reduction from
Na2S4 into the final product Na2S.

5.2. Experimental Section
5.2.1. Synthesis of hollow carbon nanospheres.
Commercial silicon nanoparticles (60~ 70 nm) were utilized as hard template, which
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were first coated with resorcinol formaldehyde (RF) via a sol-gel process.
Specifically, 0.15 g Si nanoparticles and 0.46 g cetyltrimethylammonium bromide
(CTAB) were added in14.08 ml H2O and transferred into a three-neck round-bottom
flask. A homogenous dispersion could be obtained after continuous ultrasonication
and stirring for 0.5 h, respectively. Secondly, 0.7 g resorcinol, 56.4 ml absolute
ethanol, and 0.2 ml NH4OH were added in the dispersion sequentially; the flask was
maintained at 35 °C with stirring for 0.5 h, followed by adding 0.1 ml formalin. The
RF polymerization could be completed after continually stirring for 6 h at 35 °C and
ageing overnight. The obtained Si@RF nanospheres were collected and washed by
deionized water and alcohol, repectively. Core-shell Si@C sample was prepared by
calcination of the Si@RF powder at 600 °C for 4 h (5°C/min) in N2 atmosphere.
Finally, hollow carbon nanospheres (HC) were prepared by etching the Si template
away with a 2.0 M NaOH solution.

5.2.2. Synthesis of different sulfur cathode samples
A sulfur host, cobalt nanoparticales decorated HC (Co-HC), was primarily
synthesized 44.76 mg CoCl2 and 100 mg HC were uniformly dispersed in ethanol
viaultrasonication. The HC containing CoCl2 wasthen heated overnight in a blast
oven at 80 oC, by which the mixture could solidify and shrink along with the ethanol
evaporation. Afterwards, the above mixture was reduced at 200 oC for 2 h in a
forming gas with 10 vol % H2 in nitrogen, leading to the formation of Co-HC. Three
S cathode samples were fabricated accordingly based on this Co-HC host. A mixture
of Co-HC: S with a weight ratio of 1:1.5 was first ground by mortar and pestle,
and then sealed in a Teflon-lined autoclave. A primary S cathode, S/Co-HC
composite, was obtained after the autoclave was heated at 155 °C for 12 h. When
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the obtained S/Co-HC composite was further sealed in a quartz ampoule, and
thermally treated at 300 and 400 oC for 2 h in N2 atmosphere, respectively, two new
samples, denoted as S@Con-HC and S@CoS2-HC could be synthesized. In addition,
a contrast sample with plain HC as S host was prepared, in which S was well
embedded into the plain HC frameworks (denoted as S@HC). The synthesize
procedures are the same to that of S@Con-HC by utilizing HC instead of Co-HC.

5.2.3. Electrochemical Measurements
The in-situ Raman cell was bought from Shenzhen Kejing star. The in-situ Raman
was collected with a Renishaw InVia Raman microscope, with excitation 532 nm
laser wavelengths and L50x objective lens. The spectra were collected in
galvanostatic mode when the in-situ Raman cell was discharged/charged at a current
rate of 500 mA g-1 using a computer controller (CHI 660D). The acquisition time of
each Raman spectrum was 60 s; and lower laser power was utilized to avoid
electrode damage during the long-term measurements. For in-situ synchrotron X-ray
diffraction XRD measurements, the cells were similar to the above-mentioned coincells for electrochemical performance testing. In order to enhance the intensity of the
diffraction peaks, a thicker layer of cathode material was loaded on the Cu foil, with
loading up to 5 mg cm-2. In order to guarantee that the X-ray beams could go through
the whole cell and monitor the electrochemical reactions, three holes with a diameter
of 4 mm were punched in the negative and positive caps, and the spacer, respectively,
Then, the holes in the negative and positive caps were covered by Kapton film (only
showing slight bumps in XRD measurements), followed by complete sealing with
AB glue. A battery test system (Neware) was connected to the cell to conduct the
charge/discharge process. The in-situ synchrotron XRD (λ = 0.6883 Å) used the
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Powder Diffraction Beamline (Australian Synchrotron).

5.2.4. Computational methods
The spin-polarized electronic structure calculations were performed in the Vienna
Ab-initio Simulation Package code with Perdew-Burke-Ernzerhof (PBE) functional
of exchange-correlation. The projector-augmented-wave (PAW) pseudopotentials
were utilized to describe core electron interactions

[51-53]

. Considering the

significance of van der Waals (vdW) forces to the adsorption, we utilized the D3
dispersion vdW corrections with zero damping for describing the van der Waals
interactions.54 The Co cluster consisted of 6 Co atoms with a size of ~0.1 nm and the
Co-Co bond distances was 2.24 Å. The Na2S4 cluster was obtained after 10 ps ab
initio molecular dynamics (AIMD) simulations at 350 K at first and the final
structure was optimized. To gain insights into the Na2S4 dissociative adsorption on
carbon supported Co6 cluster, we firstly performed the ab initio molecular dynamics
simulation for 10 ps (10000 steps, 1 fs/step) within the canonical (NVT) ensemble at
350 K to accelerate the dissociation rate of Na2S4 cluster on carbon supported Co6
cluster.45 During the ab initio molecular dynamics simulations, the carbon support
were fixed while the Co6 and Na2S4 clusters were allowed to move. Secondly, we
chose some representative sodium polysulfide structures, i.e., Na2S3, Na2S2 and Na2S
clusters, which were observed from molecular dynamics simulations. Thirdly, the
geometries of these sodium polysulfide clusters were optimized to calculate the total
energies. The cut-off energy was set to 370 eV for molecular dynamics simulations
and the cut-off energy was 450 eV for geometry optimizations aiming to get the
accurate energy. A gamma Monkhorst-Pack k-point sampling was used. In this
paper, the adsorption energy was defined as: Ead = E(ad/surf) - E(surf) - E(ad), where
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E(ad/surf), E(surf), and E(ad) are the total energies of the adsorbates binding to
surface, free adsorbate in gas phase and clean surface, respectively.

5.3. Results and Discussion
The synthetic process of the S@Con-HC is illustrated in Figure 5.1. The successful
encapsulation of Co nanoparticles (NPs, ~3 nm) and S is attributed to the
microporous and hollow structure of carbon spheres. Initially, the CoCl2 solution can
be immersed and impregnated into the HC spheres, which was reduced to Co NPs
uniformly decorated on the C shells (~5 nm) of HC nanospheres (Co-HC) by
controlled thermal treatment method (Figure 5.2 and Figure 5.3). The interaction
between Co and S undergoes two stages along with increasing temperature. Firstly,
the melted S was loaded into the Co-HC by capillarity effect via a facile meltdiffusion strategy at 155 oC for 12 h (with the product denoted as S/Co-HC). It is
clear that part of S agglomerate in the hollow space of carbon spheres and others are
dispersed in the carbon shells for the S/Co-HC as shown in atomic resolution highangle annular dark field (HAADF) scanning transmission electron microscopy
(STEM) images (Figure 5.4). Subsequently, the S/Co-HC was heat-treated at 300 oC
in a sealed quartz ampoule, which interestingly leads to the disappearance of Co
nanoparticles and S agglomeration. During this process, S begins to sublimate. The
concentration gradient results in S diffusion from the inside of the nanospheres to the
surface. With sufficient thermal energy for S evaporation, most of the S molecules
diffuse into the C shells, which would drive the Co nanoparticles to be re-dispersed
into the carbon shells as well. Thus, atomic Co, including Co single atoms and
clusters, migrates into the C shells of each HC nanosphere by taking advantage of the
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diffusion of inner S molecules. Finally, a novel S nanocomposite with S embedded
into atomic Co decorated hollow carbon (S@Con-HC) could be achieved.

Figure 5.1. Schematic illustration of S@Con-HC. Schematic illustration of the
synthesis of the atomic Co decorated sulfur host materials (S@Con-HC).
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Figure 5.2 (a)-(c), TEM images of HC. (d), Histogram showing wall thickness
distribution based on a count of 200 wall thick in the sample areas.
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Figure 5.3 (a)-(c), Low and high magnification TEM images of Co-HC. (d),
Histogram showing Co nanoparticles distribution based on a count of 200 Co
nanoparticles in the sample areas.
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Figure 5.4 (a), HADDF-STEM images of S/Co-HC. (b)-(e), elemental mapping of
S/Co-HC.

Figure 5.5 Representative electron microscopy images of S@Con-HC. (a), TEM
image, (b) and (c), HADDF-STEM images of S@Con-HC. Scale bar, 20 nm (a), 10
nm (b) and 2 nm (c). (d), line-profile analysis from the indicated of (b). (e)-(h),
elemental mapping of S@Con-HC, Scale bar, 10 nm.
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Figure 5.6 (a), SEM, (b), TEM and (c), HADDF-STEM image of S@Con-HC. (d),
Histogram showing S@Con-HC distribution based on a count of 200 clusters in the
sample areas.
As displayed in Figure 5.5 and Figure 5.6, the scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images of the S@Con-HC demonstrate
that the uniform dispersion of hollow carbons without any nanoparticles existed;
meanwhile, atomic Co (bright dots), are observed in the C shells. The element
mapping and line-profile analysis of S@Con-HC demonstrates that this atomic Co is
well confined in the carbon shells; meanwhile, most of S is embedded in the carbon
shell along with the dispersion of atomic Co, which implies the simultaneous
formation of atomic Co and S dispersion. This is attributed to Co atoms migrating
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into HC shells with S sublimation via an atom migration strategy based on the strong
interaction between Co and S. Hence, most of the S molecules diffuse into the C
shells, and are adsorbed by atomic Co. The average size of the atomic Co is
calculated to be 0.4 + 0.2 nm from 200 single atoms and clusters in Figure 5.6. For
comparison, a sample with S loading on plain HC at 300 oC was prepared (S@HC),
in which the S is evenly dispersed among the carbon shells of HC (Figure 5.7). It
should be pointed out that atomic metals are difficult to form in pure carbon
materials because of their high energy and instability [32]. Surprisingly, the atomic Co
is successfully introduced into the S@Con-HC composite. Active S, in turn, plays a
critical role in forming and stabilizing atomic Co by strong chemical Co-S bonds. In
sharp contrast, numerous cubic nanoparticles (~ 10 nm) can be observed in HC at
400oC (Figure 5.8). The HAADF-STEM image displays two lattice distances of 1.94
and 2.75, which are indexed to the (220) and (200) planes of CoS2, respectively.
Elemental mapping of S@CoS2-HC clearly shows the formation of CoS2. The lineprofile analysis across the carbon shell in Figure 5.8c demonstrates that the signal of
Co is negligible in the carbon shell. The elemental S mapping results demonstrate
that the S is homogeneously dispersed in the CoS2-HC host. Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) results demonstrate that the
contents of Co are comparable, with weight ratios of 7.53 %, 7.06 %, 6.85 % in
S/Co-HC, S@Con-HC, and S@CoS2-HC, respectively.
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Figure 5.7 (a), STEM image, (b), TEM image, (c), SEM image and (d) - (f),
elemental mapping of S@HC.

Figure 5.8 (a) - (b), HAADF-STEM images of S@CoS2-HC. (c), line-profile
analysis of the indicated of line in (a). (d) - (h) elemental mapping of S@CoS2-HC.
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Figure 5.9 Thermogravimetry (TG), XRD and XPS spectra. (a), TG of S@HC and
S@Con-HC. (b), XRD of S powder, S@HC and S@Con-HC. (c), S 2p XPS spectra
for S@HC and S@Con-HC respectively. (d), Co 2p XPS spectra for S@Con-HC.
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Figure 5.10. Thermogravimetry (TGA) curves of S/Co-HC, S@Con-HC, and
S@CoS2-HC.
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Figure 5.11. XRD curves of S/Co-HC, S@Con-HC, and S@CoS2-HC.
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The thermogravimetric analysis (TGA) results of all samples in Figure 5.9a and
Figure 5.10 indicate that the S contents in S/Co-HC, S@Con-HC, and S@HC is ~ 48
%, 47 %, and 30 %, respectively. The low S loading ratio of 30 % indicates that
atomic Co in HC is favourable to capture S and enhance S loading amount. There are
three states of S in the S@Con-HC. The crystalline S on the carbon layer would
sublimate at relatively low temperature of ~270 oC, which accounts for S ratio of ~
33% (crystalline sulfur). Then, small amount of amorphous S, confined in the
micropores [15], would evaporate from 270 to 530 oC with a S loss ratio of ~ 8%; the
S encapsulated in the hollow space could finally sublimate at high temperature from
530 oC, which corresponds to a S portion of ~ 6% S. The S@HC sample shows the
similar TGA curve, indicating S presents the same states as those of the S@Con-HC;
the amorphous S in S@HC is about ~ 7%. Compared with other Co-based materials
in Figure 5.10, S in the S@Con-HC is the most difficult to vaporize. The starting
temperature of weight loss is 173 oC for S@Con-HC, which is much higher than that
of S/Co-HC (155 oC), indicating that the binding between S and Co in S@Con-HC
are the strongest

[20]

. Interestingly, the S loss commences at 171 oC for S@HC,

indicating that the S is firmly embedded into HC after removing the surface S via
heat-treatment at 300 oC [20]. This result also indicates that the S in S@Con-HC not
only is physically confined in HC frameworks, but also chemisorbed by atomic Co.
The low S ratio of S@CoS2-HC (~31%) is because the formation of CoS2 consumes
a certain amount of S. X-ray diffraction (XRD) patterns of these samples are shown
in Figure 5.9b and Figure 5.11; the peaks of S@Con-HC and S@HC are indexed to S
be crystalline S. The low intensity and vanishing of certain peaks imply that S could
be embedded in the Con-HC and HC hosts. CoS2/S-HC has four peaks at 32.5o, 36.36
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o

, 46.54 o, and 54.98 o, corresponding respectively to the (200), (210), (220), and

(311) planes of CoS2 (JCPDF no.41-4171). Significantly, the XRD results for S/CoHC, and S@Con-HC indicated that S accounted for the dominant component, and the
lack of XRD peaks of Co or any CoSx signal is likely due to the ultrafine and even
atomic size of Co; additionally, the surface of Co wrapped by S would decrease its
signal as well.
To investigate the interaction between Co and S, X-ray photoelectron spectroscopy
(XPS) was carried out. As shown in Figure 5.9c and Figure 5.12, compared with pure
S (S 2p3/2,164.0 eV), the S 2p3/2 of S@HC and S@Con-HC is 163.60 eV and 163.45
eV, respectively. The left shift is probably attributable to the adsorption of S by
HC33. The lower S 2p3/2 of S@Con-HC could be due to the atomic Co, which is
decorated on the carbon shell and could aid HC in immobilizing S by forming Co-S
bonds. Interestingly, the S 2p3/2 binding energy of S/Co-HC (165.1 eV) is close to
that of CoS2/S-HC (164.90 eV), which indicates that the surface Co nanoparticles of
S/Co-HC could be polarized to S2-. To further investigate this hypothesis, we studied
the states of Co. The Co 2p XPS of S@Con-HC in Figure 5.9 indicated that the
atomic Co have been deconvoluted into Co0 (778.70 eV) and Co2+ (781.60 eV). The
Co2+ (781.60 eV) in S@Con-HC could be attributed to single Co atoms anchored on
S dispersed hollow carbon [34], probably formation of Co-S bond. While, except for
single Co atoms, S@Con-HC exists Co clusters as shown in Figure 5.5 and Figure
5.6. Because of these Co clusters existing, Co 2p XPS of S@Con-HC will present the
Co0 state. The binding energy of the Co0 2p3/2 XPS peak in S@Con-HC is 778.70 eV,
which right shift 0.5 eV compared with that of pure Co (778.20 eV); this right shift
binding energy indicates the formation of Co-S bonds between Co clusters and S in
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S@Con-HC. The Co 2p3/2 XPS spectrum of S@CoS2-HC with peaks at 781.10 eV
and 785.80 eV is attributed to Co2+ 2p3/2 and Co4+ 2p3/2, respectively, and the
formation of Co-S bonds of CoS2

[35]

. Since XPS analysis is a surface-sensitive

technique, the trend in Co binding energy relies on the size of the Co@CoSx coreshell structure, and that is why the Co oxidation states of S/Co-HC show the highest
bonding energy in Figure 5.12. Based on the TGA, XRD, and XPS results, we could
draw the conclusion that for S@Con-HC, S not only is physical adsorbed by HC, but
also is chemisorbed by atomic Co, leading to the formation of Co-S bonds.
Meanwhile, the S@Con-HC presents the Co0 state, which could effectively improve
conductivity of S cathode and enhance the performance of RT-Na/S batteries.
The discharge/charge profiles of the 1st, 2nd, 10th, 50th, 100th, 200th, 300th, 400th, 500th,
and 600th cycles at 100 mA g-1 of S@Con-HC and S@HC cathode materials are
shown in Figure 5.13a and 5.13b. The RT-Na/S@Con-HC cell shows two long
plateaus that run from 1.68 to 1.04 V, and 1.04 to 0.8 V during the initial discharge
process: the high-voltage plateau corresponds to the solid-liquid transition from S to
dissolved long-chain polysulfides; and the low-voltage plateau is attributed to the
further sodiation of long-chain polysulfides to short-chain sulfides. By contrast, the
two plateaus of S@HC are at 1.82 V and 1.62 V during the initial discharge process.
The lower potential plateaus of S@Con-HC in the initial cycle may be attributed to
the complex bonds between Co and S (Co-S bonds), so that additional energy is
needed to dissociate S from the Co-S bond, resulting in a more negative potential [3637]

. Consequently, the following discharge potential plateaus of S@Con-HC shift to

the positive direction. This phenomenon also could be found in S/Co-HC and
S@CoS2-HC, as shown in Figure 5.14. To investigate the effects of slow charge-
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discharge processes, the S@Con-HC cell at low current densities (20 mA g-1 and 50
mA g-1) were carried out, as shown in Figure 5.15. It could be clearly seen that the
initial reversible capacity of S@Con-HC is 1613 mAh g-1 at 20 mA g-1, which is
close to the theoretical capacity of S (1672 mAh g-1), retaining reversible capacity of
945 mAh g-1 after 40 cycles. When tested at 50 mA g-1, the S@Con-HC delivers an
initial reversible capacity of 1360 mAh g-1, maintaining 904 mAh g-1 after 40 cycles.
During the slow charge-discharge process at current density of 20 mA g-1, the
produced long-chain polysulfides could be further fully sodiated to Na2S4.
Meanwhile, the atomic Co will effectively alleviate dissolution of Na2S4 and
electrocatalytically reduce Na2S4 into the final product Na2S. However, the slow
charge-discharge process would aggravate the dissolution and shuttle effect of the
long-chain polysulfides, leading to fast capacity decay and inferior capacity
retention. This phenomenon is in well agreement with the cycling performance, in
which this cathode shows the lowest capacity retention (58.5%) at 20 mA g-1. The
comparisons at different currents indicate that the slow charge-discharge process is
favorable to realize high reversible capacity but severe capacity decay. It is rational
to select a current density that would slow enough to exert the capacity of all S active
materials and fast enough to alleviate the shuttle effect. By contrast, the current
density of 100 mA g-1 shows the most satisfactory performance. The initial
coulombic (IC) efficiency of S@Con-HC and S@HC are 52.1%, 50.0%, respectively.
The main reason of the low IC efficiency could be attributed to the irreversible side
reactions, formation of the solid electrolyte interphase (SEI) film and the
decomposition of the electrolyte [25].
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S@Con-HC and S@Co. (e), Comparison of the rate and cycling (inset) capabilities of
the previously reported RT-Na/S batteries with our work.

Chapter 5: Atomic cobalt as an efficient electrocatalyst in sulfur cathodes for
superior room-temperature sodium-sulfur batteries
85
3.0

st

1
nd
2
th
10
th
50
th
100
th
200
th
300
th
400
th
500

Voltage (V)

2.5
2.0

S/Co-HC
1.5
1.0
0.5

0

400

800

1200

1600

2000

2400

b

3.0

st

1
nd
2
th
10
th
50
th
100

2.5

Voltage (V)

a

2.0

S@CoS2-HC

1.5
1.0
0.5

-1

Capacity (mAh g )

0

400

800

1200
-1

1600

Capacity (mAh g )

Figure 5.14. Discharge/charge voltage profiles of RT-Na/S cell of (a), S/Co -HC, (b),
S@CoS2-HC at selected cycles at 100 mA g-1.

Chapter 5: Atomic cobalt as an efficient electrocatalyst in sulfur cathodes for
superior room-temperature sodium-sulfur batteries
86

Voltage (V)

2.5
2.0

100 mA g-1

1.5
1.0
0.5

(c)

0

500

1000

1500

-1

Capacity (mAh g )

3.0

Voltage (V)

50 mA g-1

1.5
1.0
0.5

0

1000

2000

Voltage (V)

2.0

20 mA g-1

1.5
1.0
0.5

0

1000

2000

-1

Capacity (mAh g )

800

400

0

10

20

30

40

(d)

2400
1500

S@Con-HC
50 mA g-1

1000

500

0

0

10

20

30

40

Cycle number
1st
rd
2
5th
th
10
20th
th
30
40th

2.5

100 mA g-1

0

3000

-1

Capacity (mAh g )

(e) 3.0

S@Con-HC

Cycle number
st

2.0

2200
2000
1200

2000

1
2rd
5th
10th
20th
30th
40th

2.5

(b)

Capacity (mAh g-1)

1st
2rd
5th
10th
20th
30th
40th

Capacity (mAh g-1)

3.0

3000

(f)

3100
3000

Capacity (mAh g-1)

(a)

S@Con-HC

1500

-1

20 mA g

1000
500
0

0

5

10

15

20

25

30

35

40

Cycle number

Figure 5.15. Discharge/charge curves of S@Con-HC at 100 mA g-1 (a), 50 mA g-1 (c)
20 mA g-1 (e). Cycle performance S@Con-HC at 100 mA g-1 (b), 50 mA g-1 (d) 20
mA g-1 (f).

Chapter 5: Atomic cobalt as an efficient electrocatalyst in sulfur cathodes for
superior room-temperature sodium-sulfur batteries
87

S@Con-HC

2000

-1

Capacity (mAh g )

S/CoS2-HC

S/Co-HC

1500

1000

500

0

0

200

400

600

Cycle number

Figure 5.16. Cycling performance at 100 mA g-1 of S/Co-HC, S@Con-HC and
S@CoS2-HC.

-1

0

0

20

40

-1

2 Ah g

-1

5 Ah g

200

-1

-1

-1

-1

1 Ah g

400

500 mAh g

600

S@CoS2-HC
200 mAh g

100 mAh g

800

-1

Capacity (mAh g )

1600

100 mAh g

60

80

100

Cycle number
Figure 5.17. Rate performance of S@CoS2-HC.
The long-term cycling stability of the S@HC and S@Con-HC cathodes is displayed
in Figure 5.13c at 100 mA g-1 over 600 cycles. Both S@HC and S@Con-HC display
high cycling stability and capacity retention after their initial capacity decay, which
indicates that the closed hollow carbon host could effectively manage the fatal
polysulfide dissolution. The S@Con-HC delivers an initial reversible capacity of
1081 mAh g-1 with a Coulombic efficiency of 52.1%, retaining excellent reversible
capacity of 508 mAh g-1 after 600 cycles. The high initial discharge capacity of
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S@Con-HC (~2075 mAh g-1) is due to the decomposition of the electrolyte, the side
reactions between the carbonate-based solvents and soluble polysulfides, and the
formation of the solid electrolyte interphase (SEI) film

[25]

. In sharp contrast, the

S@HC cathode delivers the first capacity of 580/1209 mAh g-1, which declines to
271 mAh g-1 after 600 cycles. During the first 10 cycles, there is obvious capacity
decay for both of the S@Con-HC and S@HC cathodes, which is attributed to the loss
of dissolved long-chain polysulfides. The cells show relatively stable cycling but
with graduate capacity loss for the subsequent 600 cycles, which mainly originate
from the impedance increase in the cells due to the formation of Na2S. This is
consistent with the synchrotron XRD results, confirming that the non-conductive
Na2S would accumulate in cathode during the charge/discharge processes.
Significantly, the high accessible capacity of S@Con-HC is mostly due to the fact
that the atomic Co decoration is able to further improve the conductivity and
electroactivity of S. To highlight the role of atomic Co, the cycling stability of S/CoHC and S@CoS2-HC are shown in Figure 5.16. It is noteworthy that the S/Co-HC
displays fast capacity degradation, which shows the initial reversible capacity of
1018/617 mAh g-1, but after 100 cycles, it is only 64/62 mAh g-1. Additionally, the
first cycle reversible capacity of S@CoS2-HC is 610/1415 respectively; after 200
cycles, it is only 206 mAh g-1. These results demonstrate that the atomic Co
possesses stronger electrocatalystic capability than Co nanoparticles and CoS2
nanoparticles; and the role of atomic Co towards improving S performance will be
discussed in the following section.
Rate-capability tests were evaluated at various current densities from 0.1 A g-1 to 5
A g-1 in the potential range of 0.8 to 2.8 V, as shown in Figure 5.13d. It is evident
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that S@Con-HC exhibits the highest reversible capabilities of ~820, 498, 383, 313,
269, and 220 mAh g-1 at 0.1, 0.2, 0.5,1, 2, and 5 A g-1 compared to the S@HC and
S@CoS2-HC (Figure 5.17). When the discharge/charge rate is brought back to the
initial rate of 0.1 A g-1, RT-Na/S@Con-HC shows amazing reversible capacity of 625
mAh g-1 after 100 cycles (367 mAh g-1 for RT-Na/S@HC). A comparison of the rate
capability of S@Con-HC versus current density with state-of-the-art reports in the
literature is presented in Figure 5.13e; to the best of our knowledge, such an
exceedingly high rate capability of RT-Na/S batteries has not been reported
previously. The polarized Con-HC host is responsible for the prevailing Na-storage
properties of S@Con-HC, which plays the key roles in maximizing S/polysulfides
immobilization and activation via strong electrocatalyst of atomic Co, even reaching
to the best performance in the field of RT-Na/S batteries.
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Figure 5.20. Visual examination of polysulfides entrapment of (a) S@Con-HC and
(b) S@HC at specific sodiation depths.
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Figure 5.23. (a)-(c), STEM image of S@Con-HC after 600 cycles, with the
corresponding elemental mapping for (d) C, (e) S, and (f) Co.
To investigate the mechanism of S@Con-HC, cyclic voltammograms (CVs), in-situ
Raman spectroscopy (at 500 mA g-1) and in-situ synchrotron XRD (λ = 0.6883 Å),
using the Powder Diffraction Beamline (Australian Synchrotron) were conducted for
the initial galvanostatic charge/discharge and the second discharge curve (at 100 mA
g-1). Figure 5.18a presents cyclic voltammograms (CVs) of S@Con-HC, and the CVs
of S@Co-HC, S@CoS2-HC and S@HC are shown in Figure 5.19. The RTNa/S@Con-HC cell shows two prominent peaks at around 1.68 and 1.04 V during the
first cathodic scan. The peak at 1.68 V corresponds to the transition from solid S to
dissolved liquid long-chain polysulfides (Na2Sx, 4 < x ≤ 8)

[47]

; in the following

cathodic sweep from 1.68 V to 1.04 V, the long-chain polysulfides are further
sodiated to Na2S4 and then short-chain polysulfides (Na2Sy, 1 < y ≤ 3 )

[20]

.

Significantly, the following cathodic peaks move toward positive potential after the
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first CV cycle, corresponding to the results for the discharge/charge curves, which
also demonstrates the formation of Co-S bonds in S@Con-HC. Meanwhile, operando
Raman spectra and synchrotron XRD patterns complementarily confirmed the
mechanism mentioned above. As illustrated in Figure 5.18b, when the cell is
discharged to 1.60 V, the S stretching vibration band at 475 cm-1 disappears and
another peak (451cm-1) evolves, which could be assigned to Na2S4

[48]

.

Correspondingly, in situ synchrotron XRD at discharged to 1.8V (Figure 5.18c)
demonstrates that a peak at 23.01° became broad, which is indexed to the (240)
planes of S (JCPDF no. 71-0569); a new peak (22.97 o) evolves around the original
peak (23.01°), which could be attributed to the formation of long-chain polysulfides
(Na2Sx); When further discharged to 1.4 V, the Na2Sx peak gradually disappeared,
and a new peak at 13.22° was developed, which can be attributed to the (213) planes
of Na2S4 (JCPDF no. 71-0516). When discharged to 1.30 V, not only is there a main
broad band at 451 cm-1, but also a new peak at 472 cm-1 appears in the Raman
spectra,; this new peak could be attributed to the Na2S2 [48]; consistently, a new peak
at 18.73° in the synchrotron XRD pattern at discharged to 1.2 V could be attributed
to the (104) peak of Na2S2 (JCPDF no. 81-1764) [20]. Furthermore, the in-situ Raman
spectrum of S@Con-HC at discharged to 1.0 V also has an extra new peak at 475 cm1

. Given the similar Raman fringes of Na2S and S8,

[48,49]

it mostly indicates the

formation of Na2S [48], when fully discharged to 0.8 V, the only band at 475 cm-1
demonstrates that the final product is Na2S. It is convincing that a new peak
generated at 17.07° could be assigned to the (220) planes of Na2S as well in Figure
5.18c (JCPDF no. 77-2149) [20]. Therefore, the first discharge mechanism is proposed
to be as follows:

Chapter 5: Atomic cobalt as an efficient electrocatalyst in sulfur cathodes for
superior room-temperature sodium-sulfur batteries
95
S → Na2Sx → Na2S4 → Na2S2 → Na2S.
When the cell is charged back to 2.8 V, Na2S2 and S are not detectable by in-situ
Raman spectroscopy and in-situ synchrotron XRD, indicating that they are not or
slightly reversible; the reversible process is supposed to be from Na2S to Na2S4 and
to Na2Sx. The peak of Na2S in the Raman spectra and synchrotron XRD always
exists after its initial generation, which probably due to the partially reversibility of
the final Na2S product, thus accumulating during the prolonged discharge/charge
process.
Significantly, the second discharge process in the synchrotron XRD shows no any
trace of Na2S2, and the diffraction peak intensity of Na2S4 decreases obviously. It
indicates that the reaction rate of reduction from Na2S4 into Na2S is very fast. We
thoroughly analysed this phenomenon, and proposed a new mechanism that atomic
Co could quickly catalyst the reduction from Na2S4 into Na2S; this electrocatalytic
reaction could effectively slow down the dissolution of Na2S4 during the cycling as
well and result in the excellent electrochemical performance of S@Con-HC.
Furthermore, the polysulfide dissolution behaviours of S@Con-HC and S@HC
electrodes using transparent glass cells are compared in Figure 5.20. The cell with
S@Con-HC maintained colourless during the 10 h discharge process, which implies
the alleviation of the polysulfide dissolution, suggesting that atomic Co could
kinetically catalyst the polysulfide reduction into Na2S instead of dissolution into
electrolyte. However, the yellow polysulfide in the surface of S@HC electrode was
observed upon discharged for 5 h; when upon for 10 h sodiation process, it could be
clearly seen that yellow polysulfide was dissolved in the cell. This color change of
S@HC indicates that the polysulfide dissolution into electrolyte, i.e. shuttle effect,
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which could lead to loss of active materials. In order to guarantee the capacity
reliability of the S@Con-HC cathode, the capacity contribution of S host, the ConHC, was evaluated as well. The Con-HC was fabricated from the S@Con-HC sample
after dissolving the loaded S away by CS2 solvent. The XRD results of Con-HC and
S@Con-HC are shown in Figure 5.21. It could be clearly seen that Con-HC does not
show any S characteristic peaks, indicating that S has been completely removed. The
discharge/charge profiles and cycling performance of Con-HC are shown in Figure
5.22a, which displays a very low initial reversible capacity of 70 mAh g-1, only
retaining a reversible capacity of 40.1 mAh g-1 after 200 cycles. By contrast, Figure
5.22b clearly shows that the capacity contribution of Con-HC in the S@Con-HC
cathode could be negligible. Meanwhile, the compositional and morphological
changes of S@Con-HC after 600 cycles are shown in Figure 5.23, which also
indicated that these atomic Co in S@Con-HC could effective enhance the reversible
capacity of the RT-Na/S@Con-HC batteries.
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Figure 5.24 DFT results and electrode reaction mechanism of S@Con-HC and
S@HC. (a), optimized structures of Na2S4 cluster on carbon supported Co6 cluster,
and (b), carbon support. Purple: Na; yellow: S; blue: Co; grey: C; white: H. (c),
Energy profiles of Na2S4 adsorption on carbon supported Co6 cluster (in blue) and
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carbon support (in red). (d), and (e), Schematic illustrations of electrode reaction
mechanism of S@Con-HC and S@HC.
In order to confirm our hypothesis, the ab initio molecular dynamics (AIMD)
simulations are used to reveal the decomposition of Na2S4 cluster adsorption process
on Co atomic/carbon (Figure 5.24a) and carbon support (Figure 5.24b). Figure 5.24a
and 5.24b show the decomposition of Na2S4 cluster evolution into Na2S3 cluster,
Na2S2 cluster, and Na2S cluster on Co atomic/carbon and carbon support. An ideal
model of sp3 carbon, including 216 C atoms and the two exposed surfaces were
terminated by 72 H atoms

[50]

, is applied into modelling the carbon support to

calculate the adsorption of Na2S4 cluster; considering the single atomic Co occupying
41% in the S@Con-HC, Co6 cluster, consisting 6 Co atoms with the size of ~0.1 nm,
is used to the DFT calculations. The adsorption energy was defined as: Ead =
E(ad/surf) - E(surf) - E(ad), where E(ad/surf), E(surf), and E(ad) are the total
energies of the adsorbates binding to surface, free adsorbate in gas phase and clean
surface, respectively. The adsorption energy of Na2S4 cluster on carbon support is 0.64 eV. The binding energy of the Co6 cluster with the carbon support layer is -1.21
eV; meanwhile, the Na2S4 initially adsorb on the Co6 cluster with the binding energy
of -0.64 eV, which is the same as that with that on the sp3 carbon surface. However,
the Na2S4 structure was observed to decompose spontaneously on Co6 cluster during
the ab initio molecular dynamics simulation; for pure carbon support, Na2S4 couldn’t
be decomposed. As presented in Figure 5.26a, Na2S3, Na2S2, and Na2S clusters were
identified respectively on Co6 cluster and the dissociated S atoms were trapped by
Co6 cluster. Figure 5.24c displays the relative adsorption energies of these sodium
polysulfide clusters, showing that the adsorption energy of Na2S4 on Co6 is -4.33 eV;
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for Na2S3, the adsorption energy is negative shift to -4.85 eV. Furthermore, the
adsorption energy of Na2S2 is -7.85 eV; surprisingly, the adsorption energy of Na2S
is negative shift to -10.67 eV. This strong adsorption energy of Na2S indicates that
the reaction from Na4S2 into Na2S is kinetically fast. It is evident that the binding
energies of these sodium polysulfide clusters were much stronger than those on pure
carbon support, indicating that the decomposition of Na2S4 in the presence of Co6
cluster could be electrocatalyzed, consistent with the speculation from operando
Raman and synchrotron XRD results. The schematic illustrations of electrode
reaction mechanisms for the S@Con-HC and S@HC are shown in Figure 5.24d and
Figure 5.24e. These atomic Co, with surface sulfurization, could effectively alleviate
the diffluent polysulfides dissolution based on polar-polar interaction. Moreover, the
confined polysulfides in the inner carbon shell could be fully catalyzed into Na2S by
atomic Co, leading to high S utilization. Therefore, the atomic Co in S@Con-HC
plays a critical role in achieving sustainable cycling stability and high reversible
capacity. By contrast, the intensive “shuttle effect” and incomplete sodiation
reactions result in the inferior performance of the S@HC cathode.

5.4. Conclusion
Overall, atomic Co, including SA Co and Co clusters, is successfully applied into
RT-Na/S batteries as a superior electrocatalystic host. The novel S@Con-HC
electrode delivers a high initial reversible capacity of 1081 mA g-1; even after 600
cycles, it achieves a superior reversible capacity of 508 mAh g-1 at 100 mA g-1
without any degeneration of the elaborate nanostructure. The atomic scale of
polarized Co is responsible for the outstanding enhancement of S cathode, which is
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reaching the limitation of Co (Co-S) for S/polysulfides immobilization and activation
in RT-Na/S batteries. Meanwhile, In-situ Raman, synchrotron XRD, and DFT are
combined to confirmed that atomic Co could electrocatalytically reduce Na2S4 into
Na2S, which effectively alleviates dissolution of polysulfides, thus impeding the
shuttle effect. Significantly, this work introduces atomic Co into electrode design,
which innovatively set up a bridge to connect battery and electrocatalyst fields,
providing a new exploration direction for novel design of electrode materials for the
advancement of various battery technologies, especially in RT-Na/S batteries.
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Chapter 6
6. Long-life room-temperature sodiumsulfur batteries by virtue of transition
metal nanocluster-sulfur interactions
6.1. Introduction
RT-Na/S batteries have attracted significant attention due to the abundance, nontoxicity, low cost and high theoretical capacity of sulfur (1672 mAh g-1) [1]. However,
RT-Na/S batteries present a practical challenge of low reversible capacity and rapid
capacity fade

[2-4]

. Recently, significant gains have been made in attempting to solve

these problems through novel S host materials [5-8]. Although the carbon matrix used
can improve performance of RT-Na/S batteries, their nonpolar character means they
cannot effectively chemically interact with polar sodium polysulfides. This results in
capacity decay. An improved rational design of cathode materials to inhibit
polysulfides dissolution is therefore urgently required for RT-Na/S batteries.
S hosts, with inherent polarization, are expected to enhance reactivity of S and
impede the shuttle effect

[9]

. These S host cathodes with intrinsic sulfiphilic

properties, such as metal sulfides

[9, 10]

and metal oxides

[11]

, bind polysulfides and

prevent their dissolution into the electrolyte. These however have been limited to
TiO2 [12], Cu/CuSx [13], Cu current foam

[14]

and SSe

[15]

for construction of intrinsic

sulfiphilic hosts in RT-Na/S batteries. Moreover, the interaction between the polar
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surfaces of S hosts with polysulfides is limited, and sodium polysulfides remain
prone to dissolution into the electrolyte. Recently, a strategy was established to
circumvent this through reduction of polysulfides into short-chain sulfides, and
production of Na2S. This reduction conversion can obviate dissolution of sodium
polysulfides and achieve, simultaneously, an improved capacity

[16]

. Transition

metal-based catalysts however have received significant attention because of low
cost and abundance and, generally, excellent catalytic performance across a range of
electrochemical reduction reactions

[17]

. It was hypothesized that the introduction of

these metals into RT-Na/S batteries, to reduce polysulfides to short-chain sulfides,
might lower the decomposition energy barrier of polysulfides. Additionally that,
transition metals such as Fe, Cu and Ni, would form a chemical bond with S and
significantly improve conductivity of an S cathode [15, 18].
Here, we report transition metal (M = Fe, Cu, and Ni) nanoclusters loaded onto
hollow carbon nanospheres (HC) as new, polarized S hosts to improve the reactivity
of S and to inhibit the shuttle effect. These transition metal nanoclusters enhance
reactivity of S via chemical coupling. We show, perhaps surprisingly, that the Fe
nanocluster (~1.2 nm) wreathed S host, S@Fe-HC, exhibits the greatest reversible
capacity of initially 1023 mAh g-1, and 394 mAh g-1 despite 1000 cycles at 100 mA
g-1. The role of these transition metal nanoclusters in RT-Na/S batteries is explored
using density functional theory (DFT) calculations to underscore that metal
nanoclusters serve as electrocatalysts and reduce long-chain polysulfides to shortchain sulfides and thereby prevent the shuttle effect.

Chapter 6: Long-life room-temperature sodium-sulfur batteries by virtue of transition
metal nanocluster-sulfur interactions
109

6.2. Experimental Section
6.2.1. Material synthesis
A sulfur host, iron nanoparticle wreathed HC (Fe-HC) was synthesized as follows:
48.21 mg FeCl3 6H2O and 100 mg HC (10 wt.% Fe) were uniformly dispersed in
ethanol via ultrasonication; the HC containing FeCl3 6H2O was then heated overnight
in a blast oven at 80 oC, so that the mixture could solidify and shrink with ethanol
evaporation. Afterward, the mixture was reduced at 200 oC for 2 h in a forming gas
with 5 vol.% H2 in nitrogen, leading to the formation of Fe-HC. A mixture of Fe-HC:
S with a mass ratio of 1:1.5 was ground by mortar and pestle, and sealed in a Teflonlined autoclave. An initial S cathode, S/Fe-HC composite, was obtained after the
autoclave was continuously heated at 155 °C for 12 h. The obtained S/Fe-HC
composite was sealed in a quartz ampoule, and thermally treated at 200 oC for 2 h in
N2 atmosphere, with the product denoted as S@Fe-HC. The synthesis procedure was
the same for S@Cu-HC and S@Ni-HC but utilizing CuCl2 2H2O and NiCl2 6H2O in
place of FeCl3 6H2O.

6.2.2. Computational methods
The spin-polarized electronic structure calculations were performed in an Vienna
Ab-initio Simulation Package (VASP) code with Perdew-Burke-Ernzerhof (PBE)
functional

exchange-correlation.

Projector-augmented-wave

potentials were utilized to describe core electron interactions

[22]

(PAW)

pseudo-

. D3 dispersion van

der Waals (vdW) corrections with zero damping were utilized for estimating the van
der Waals interactions. Each of the metal (Fe, Cu and Ni) nanoclusters consisted of 6
metal atoms to give a size of ~ 0.1 nm. The Na2S4 structure was obtained after 10 ps
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ab initio molecular dynamics (AIMD) simulations at 330 K, and the final structure
optimized. For molding the Na2S4 dissociative adsorption on metal nanoclusters, the
ab initio molecular dynamics simulation were performed for 10 ps (5000 steps, 1
fs/step) within the canonical constant-temperature, constant-volume (NVT)
ensemble. During the ab initio molecular dynamics simulations, all atoms were
allowed to move. The cut-off energy was set to 400 eV and a gamma MonkhorstPack k-point sampling was used. The dissociative adsorption energy was defined as
Ead = E(Na2S4/nanocluster) - E(nanocluster) - E(Na2S4), where E(Na2S4/nanocluster)
is the total energy of Na2S4 and the metal nanoclusters resulting from the molecular
dynamics simulations, and E(nanocluster) and E(Na2S4) are the total energies of the
metal nanoclusters and Na2S4 in the vacuum phase, respectively. For comparing the
dissociative adsorption energy of the three systems, we averaged 2000 samples.

6.3. Results and Discussion
Transmission electron microscope (TEM) images of HC revealed that these are
homogeneous with a thickness of 5.1 nm (Figure 6.1). Metal (M = Fe, Cu, and Ni)
nanoclusters supported on HC (denoted as M-HC) were successfully fabricated
through controlled thermal treatment. TEM images of M-HC demonstrated that the
metal nanoclusters had a uniform distribution, in which the average diameter was 1.1
nm (Figure 6.2-6.4). Melted sulfur was loaded into the M-HC through a facile meltdiffusion strategy at 155 oC for 12 h, then sealed in a quartz ampoule and kept at 200
o

C for 2 h (S@M-HC). Atomic resolution, high-angle annular dark field (HAADF)

scanning transmission electron microscope (STEM) images of S@Fe-HC
demonstrated that the Fe-HC matrix all but completely kept its morphology after S
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loading without any aggregation on the HC of Fe nanoparticles and S (Figure 6.5).
As can be seen in Figure 6.5b and 6.5d, the Fe nanoclusters were amorphous and
well-dispersed on the HC, with an average size of ~1.3 nm (Figure 6.5f).
Interestingly, after loading S, the size of Fe nanoclusters in S@Fe-HC increased
about ~0.2 nm compared with the Fe-HC matrix (Figure 6.2). This indicates that S is
chemically adsorbed on the Fe nanoclusters to form Fe-S bonds. The element
mapping and line-profile analysis of S@Fe-HC demonstrated that the S is wellembedded in the carbon shell and that the amorphous Fe nanoclusters are distributed
on the carbon shell (Figure 6.5c and 6.5e). It should be noted that the intensity of S
increases with increasing intensity of Fe, suggesting that the presence of Fe
nanoclusters immobilize S by formation of Fe-S bonds. The HAADF-STEM images
of S@Cu-HC and S@Ni-HC demonstrate that these share a similar structure with
S@Fe-HC, where the average size of amorphous Cu and Ni nanoclusters are 1.3 +
0.3 nm (Figure 6.6) and 1.2 + 0.3 nm (Figure 6.7), respectively. This approximately
similar size of the three cathode materials permits a reliable comparison of results.
Significantly, the size of the M nanoclusters in S@Cu-HC and S@Ni-HC are
meaningfully larger when compared to counterparts without S loading (Figure 6.2
and Figure 6.3). This indicates that these also form Cu-S and Ni-S bonds and that
these chemical bonds between metal nanoclusters and S are able to chemically
stabilize S and improve its conductivity [15, 18].
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Figure 6.1. (a) - (c), TEM images of HC. (d), Histogram showing the wall thickness
distribution based on a count of 200 in the sample areas.
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Figure 6.2 (a) - (c), TEM images of Fe-HC; (d), Histogram showing the size
distribution of Fe nanoclusters based on a count of 200 in the sample areas.
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Figure 6.3 (a) – (c), TEM images of Cu-HC; (d), Histogram showing size
distribution of Cu nanoclusters based on a count of 200 in the sample areas.
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Figure 6.4 (a) – (c), TEM images of Ni-HC; (d), Histogram showing size
distribution of Ni nanoclusters based on a count of 200 in the sample areas.
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Figure 6.5 (a) – (d), HAADF-STEM images and corresponding elemental mapping
images of S@Fe-HC. (e), Line-profile analysis as indicated in (d). (f), Histogram
showing size distribution of Fe nanoclusters based on a count of 200 nanoclusters.
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Figure 6.6 (a) – (d), HAADF-STEM images of S@Cu-HC; (e), Histogram showing
size distribution of Cu nanoclusters based on a count of 200 in the S@Cu-HC areas;
(f)-(i), Elemental mapping of S@Cu-HC.
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Figure 6.7 (a) – (d), SEM and HAADF-STEM images of S@Ni-HC; (e), Histogram
showing size distribution of Ni nanoclusters based on a count of 200 in the S@NiHC areas; (f) – (i), Elemental mapping of S@Ni-HC.
The thermogravimetric analysis (TGA) of these three samples indicates that the S
content in S@Fe-HC, S@Cu-HC and S@Ni-HC are, respectively, ~ 40, 35, and 30
% (Figure 6.8a). The greatest S loading ratio with S@Fe-HC, shows that the
amorphous Fe nanoclusters are favourable for capture of S and increases its loading.
In particular, the amount of S in S@Fe-HC, measured through sublimation at high
temperature (450 oC), is the greatest at ~ 21%. This can be attributed to formation of
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the Fe-S bonds. This means also that the Fe-S bond is strongest amongst these M-S
bonds. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) results
reveal that the Fe, Cu, and Ni content in S@Fe-HC, S@Cu-HC and S@Ni-HC are
very similar, with weight ratios of, respectively, 9.82, 9.56 and 9.23 %. This
approximately equal metal nanocluster loading makes for a reliable comparison of
the results of TGA. The TGA results in Figure 6.9 confirm that the starting
temperature of weight loss is 190 °C for S@Fe-HC, which is much higher than that
of S/Fe-HC (140 °C), also suggesting that the chemical bond between S and Fe in
S@Fe-HC is the much stronger than that of S/Fe-HC. X-ray diffraction (XRD)
patterns of S@Fe-HC, S@Cu-HC, S@Ni-HC and S@HC are shown as Figure 6.8b.
The peaks in these four samples reveal that the S is crystalline. The lack of typical
XRD peaks with Fe, Cu and Ni underscore the STEM results that these metal
nanoclusters are amorphous. X-ray photoelectron spectroscopy (XPS) results, carried
out to study the interaction of metal nanoclusters with S, are presented as Figure
6.8c, 6.8d and Figure 6.9 and 6.10. The Fe 2p XPS spectrum of S@Fe-HC could be
deconvoluted into Fe0 (707.10 eV) and Fe2+ (712.30 eV). The Fe0 state in S@Fe-HC
highlights the amorphous phase of the Fe nanoclusters. It is seen that the binding
energy of Fe0 2p3/2 peak (707.1 eV) is right-shifted 0.1 eV compared with that for
pure Fe (707.0 eV). This implies the formation of Fe-S bonds between Fe
nanoclusters and S. To further prove this hypothesis, the S 2p spectrum is presented
as Figure 6.8d. The S 2p3/2 peak of S@Fe-HC is at 163.90 eV, which is 0.10 eV leftshifted compared with pure S (S 2p3/2,164.0 eV). This shift can explain the
enhancement of immobilization and reactivity of S through formation of the Fe-S
bonds. Interestingly, this phenomenon was found also in S@Cu-HC and S@Ni-HC.
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The binding energies of the Cu0 2p3/2 XPS peak and the Ni0 2p3/2 XPS are 932.8 eV
and 852.8 eV, which both are right-shifted by 0.1 eV from those of pure Cu (932.7
eV) and pure Ni (852.7 eV), whilst the S 2p3/2 peaks of S@Cu-HC and S@Ni-HC are
both at 163.90 eV. This implies that Cu nanoclusters and Ni nanoclusters also form
Cu-S and Ni-S bonds.
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Figure 6.8 (a), Thermogravimetry of S@Fe-HC, S@Cu-HC and S@Fe-HC. (b),
XRD patterns of S@Fe-HC, S@Cu-HC, S@Ni-HC, and S@HC. (c), S 2p and (d),
Co 2p XPS spectra for S@Fe-HC.
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Figure 6.9 Thermogravimetry of S@Fe-HC and S/Fe-HC.

Figure 6.9 XPS spectra of S@Cu-HC: (a), Cu 2p XPS spectrum and (b), S 2p XPS
spectrum for S@Cu-HC.
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Figure 6.10 XPS spectra of S@Ni-HC: (a), Ni 2p XPS spectrum and (b), S 2p XPS
spectrum for S@Cu-HC.
Cyclic voltammetry (CV) was measured to investigate the sodiation/desodiation
mechanism of S@M-HC (Figure 6.11a and Figure 6.12). The S@Fe-HC cell
presented three conspicuous peaks at 1.86, 1.47, and 0.80 V during the initial
cathodic scan. The greatest peak at 1.86 V corresponds to the transformation of solid
sulfur into dissolved liquid long-chain polysulfides (Na2Sx, 4 < x ≤ 8), whilst the
second peak at 1.47 V is attributed to added sodiation of Na2Sx to Na2S4. The peak at
0.80 V, Na2S4 implies further sodiation to short-chain sulfides (Na2Sy, 1 < y ≤ 3) and
product, Na2S. Three peaks can be seen at 1.51, 1.72 and 2.06 V in the anodic sweep.
These relate to oxidation of Na2S to Na2Sy, then Na2S4, and, finally, Na2Sx. These
three pairs of peaks were highly repeatable, suggesting good cycling stability of
S@Fe-HC. Interestingly, the greater-voltage peaks of S@Cu-HC (1.93 V) and
S@Ni-HC (1.94 V) are greater than that for S@Fe-HC. This indicates for S@Fe-HC
that the highest energy is that dissociated from the Fe-S bonds

[19]

. This finding

suggests also that the chemical bond between Fe and S is strongest, and results in
better electrochemical performance of S@Fe-HC. The discharge/charge profiles of
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the 1st, 2nd, 10th, 50th, 100th and 200th cycles at 100 mA g-1 of S@Fe-HC, S@Cu-HC
and S@Ni-HC cathode materials are shown in Figure 6.11b and Figure 6.13. The
RT-Na/S@Fe-HC cell shows two, long plateaus during the first discharge from 1.68
to 1.24 V, and from 1.24 to 0.8 V. This high-voltage plateau is attributed to the
transition from S to long-chain polysulfides Na2Sx, whilst the low-voltage plateau is
attributed to the reduction of Na2Sx to short-chain sulfides Na2Sy. The plateaus for
S@Fe-HC are less well-defined than those for both S@Cu-HC and S@Ni-HC. This
finding likely originates from the strongest chemical bond formed by S and Fe in
S@Fe-HC

[20]

. This agrees with the results for CV and TGA. The long cycling-

stabilities of S@Fe-HC, S@Cu-HC and S@Ni-HC cathodes are shown over 1000
cycles at 0.1 A g-1 (Figure 6.11c). The S@Fe-HC delivered an initial capacity of
1023/2076 mAh g-1, and an excellent reversible capacity of 394 mAh g-1 after 1000
cycles. In contrast, the S@Cu-HC and S@Ni-HC cathodes delivered initial capacities
of 945/1702 mAh g-1 and 783/1373 mAh g-1, respectively, and following > 1000
cycles, maintained 263 mAh g-1 and 201 mAh g-1. The high initial discharge capacity
of S@M-HC can be reliably attributed to the formation of a solid electrolyte
interphase (SEI) film and decomposition of the electrolyte. It should be noted that
these cathode materials displayed clear capacity decay over the first 50 cycles, due to
dissolution of long-chain polysulfides from the outer carbon-shell. These cells all
presented relatively stable cycling for the following 1000 cycles. S@Fe-HC
maintained the greatest cycling stability. This likely originates from the ability of the
amorphous Fe nanoclusters to enhance reactivity of S by formation of Fe-S bonds
and impede dissolution of remaining long-chain polysulfides. To test this
explanation, rate-capacity tests of S@M-HC were carried out at different current
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densities (Figure 6.11d). As is seen, when compared with S@Cu-HC and S@Ni-HC,
S@Fe-HC exhibited the greatest reversible capacity of ~ 820, 498, 383, 313, 269,
and 220 mAh g-1, at 0.1, 0.2, 0.5, 1, 2 and 5 A g-1, respectively. Strikingly, when the
current density was returned to 0.1 A g-1, the capacity of RT-Na/S@Fe-HC was 534
mAh g-1, whilst that for S@Cu-HC was 370 mAh g-1 and that for S@Ni-HC was 266
mAh g-1. The electrochemical performance of interconnected hollow carbon (HC) is
shown in Figure 6.14. The HC is seen to display an initial reversible capacity of 20
mAh g-1, a value highly significantly less than that of 1023 mAh g-1 for S@Fe-HC.
This low capacity of HC can be ignored therefore when compared with that of
S@Fe-HC with a capacity of 394 mAh g-1 after 1000 cycles.
The likely reason for these clear differences in electrochemical performance was
investigated during the initial charge-discharge process by electrochemical
impedance spectra (EIS) (Figure 6.11e) that corresponds to the fitted lines of Nyquist
plots. The equivalent circuit (inset in Figure 6.11e) consists of the electrolyte
resistance (Rs), interfacial nanolayer resistance (Rsuf), charge transfer resistance (Rct),
and Warburg impedance (Wo). Rsuf is associated with the SEI film and Rct with the
kinetic resistance of charge transfer through the electrode boundary

[21]

. The Rct

values for S@Fe-HC, S@Cu-HC and S@Ni-HC were 243.0, 276.2 and 434.9 ῼ,
suggesting that Fe nanoclusters enhance conductivity of S and decrease Rct. The Fe-S
chemical bond likely enhances reactivity of S and results in the high initial capacity;
however, this has limited effect following cycling, where performance will depend
on whether polysulfides are dissolved or not. There might however be other
contributing factors for the different cycling performance of these cathode materials.
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Figure 6.11 (a), Cyclic voltammograms, and (b), discharge/charge curves of S@FeHC at 100 mA g-1. (c), Cycle performance, (d), rate performance and (e), Nyquist
plots for S@Fe-HC, S@Cu-HC and S@Ni-HC (inset in (e): the equivalent circuit
model).
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Figure 6.12 Cyclic voltammograms of (a), RT-Na/S@Cu-HC cell, and (b), RTNa/S@Ni-HC cell.

Figure 6.13 Charge/discharge plots for selected cycles of (a), RT-Na/S@Cu-HC cell,
and (b), RT-Na/S@Ni-HC cell.
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Figure 6.14 a, discharge/charge curves and b, cycle performance of Fe/HC and
S@Fe-HC at 100 mA g-1.
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Figure 6.15 XRD patterns of S@Fe-HC after three cycles.

Figure 6.16 a, discharge/charge curves and b, cycle performance of S/Fe-HC and
S@Fe-HC at 100 mA g-1.
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The S@Fe-HC delivered an initial capacity of 1023 mAh g-1. To try to elucidate the
reaction mechanism, XRD was used to identify possible phases. The XRD results for
the first three cycles of S@Fe-HC are displayed as Figure 6.15. The peak at 31.58o is
indexed to the (404) planes of Na2S (JCPDF no. 47-0178). This implies the product
is Na2S. In order to investigate the reason of less defined plateau for S@Fe-HC, the
discharge/charge profiles of the 1st, 2nd, 5th, and 10th cycles at 100 mA g-1 of S/Fe-HC
are shown in Figure 6.16. This less defined plateau for S@Fe-HC likely originates
from two main causes. The first is the strong chemical bond formed by S and Fe.
This bond will affect the reaction of sulfur with sodium i.e. additional energy is
needed to dissociate sulfur, and results in the plateau being less defined than that for
S/Fe-HC

[18]

. The second is that Fe nanoclusters serve as electrocatalysts to rapidly

reduce long-chain polysulfides into short-chain sulfides, which results in the lowvoltage plateau not apparent.
Figure 6.17a-c presents the structural evolution of Na2S4 and Na2S2, respectively, on
metal nanoclusters as a function of AIMD simulation time. These results reveal that
Na2S4 decomposes into Na2S2 on these nanoclusters. AIMD simulation results can be
used to estimate the interaction between Na2S4 and metal nanoclusters and to gain
understanding of the order of reactivity for these metal nanoclusters (Figure 6.17d).
The greater the reactivity of a nanocluster, the greater the adsorption energy of Na2S4
and the better performance in RT/Na-S batteries. The Fe nanocluster is the most
active in reaction with Na2S4, which decomposed into Na2S2 in just 1 ps of the MD
simulation. The dissociative adsorption energy converged to -10.24 eV. For the Cu
nanocluster, after ~1 ps of MD simulation, the system stabilized where the
adsorption energy was -7.76 eV. The Na2S4 decomposition on the Ni nanocluster was
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found to be significantly slower than for the Fe and Cu nanoclusters. After ~ 2.3 ps
of MD simulation, the total energy converged to give a value of the adsorption
energy of -7.74 eV. It was observed that Na2S4 decomposed most rapidly on the Fe
nanocluster. This observation highlights that the Fe nanocluster possessed the most
suitable reactivity for RT/Na-S batteries.

Figure 6.17 (a) – (c), Na2S4 on Fe6, Cu6, and Ni6 nanoclusters in the initial state at 0
ps, and at 5 ps. (d), adsorption energies (eV) of Na2S4 on metal nanoclusters as a
function of ab initio molecular dynamics simulation time (fs).
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Figure 6.18 Photographs of polysulfide entrapment by (a), Na2S4 soultion, (b),
S@Fe-HC (c), S@Cu-HC, and (d), S@Ni-HC. These were taken after the electrolyte
solutions stood for 1 h.

Figure 6.19 XRD patterns of S@Fe-HC and Fe/HC.
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Figure 6.20 a, discharge/charge curves and b, cycle performance of Fe/HC and
S@Fe-HC at 100 mA g-1.

Figure 6.21 Schematic of the electrode reaction mechanism for S@M-HC.
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The ability of these three cathode materials to chemically adsorb polysulfides was
evaluated by exposing Na2S4 to S@Fe-HC, S@Cu-HC and S@Ni-HC (Figure 6.18).
Na2S4 was synthesized through mixing 1 mol of Na2S with 3 mol of S in TEGDME;
then the solution was stirring for 24 h in an Ar-filled glove box. The Na2S4 solution
was diluted to 1.25mM for test, which was immersing 15 mg samples. When samples
were exposed after 1 hour, left the solution and took photo. The solution exposed to
S@Fe-HC changed colour from brown to almost colorless within 1 h. In contrast, the
solutions exposed to S@Cu-HC and S@Ni-HC remained a steady brown colour,
especially with S@Ni-HC. This finding indicated that S@Fe-HC gave the most
efficient confinement of the polysulfides and electrocatalytically transformed these
into short-chain sulfides – a finding consistent with corresponding DFT results. Thus,
the reasons of S@Fe-HC advantageous over S@Ni-HC and S@Cu-HC could be
attributed to the following three reasons. Firstly, the Fe-S bond is strongest amongst
these M-S bonds. In addition, the Fe nanocluster is the most active in reaction with
Na2S4, which is able to quickly electrocatalyze Na2S4 into the short-chain sulfides.
Finally, S@Fe-HC give the most efficient confinement of the polysulfides.
In order to confirm that the Fe nanoclusters in S@Fe-HC are inactive in the RT/Na-S
batteries the electrochemical performance of the plain matrix in which S is removed
from S@Fe-HC to form Fe/HC was studied. Removing S is done as follows: 40 mg
S@Fe-HC is dispersed in 40 mL CS2 solution. The mixture is ultrasonicated for 2 h
and the obtained black powder is heated in an oven at 80 oC for 24 h. The XRD
results for Fe/HC and S@Fe-HC are shown in Figure 6.19. It can be seen clearly in
the figure that Fe/HC does not exhibit an S characteristic peak. This indicates that all
S has been removed. The discharge/charge profiles and cycle performance of Fe/HC
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cathode material was investigated, Figure 6.20. The Fe/HC is seen to exhibit an
initial reversible capacity of 37 mAh g-1, which is a value highly significantly less
than that for S@Fe-HC at 1023 mAh g-1. In contrast the Fe/HC maintains a
reversible capacity of only 9 mAh g-1 after 100 cycles. This low capacity can be
reasonably ignored when compared with that for S@Fe-HC that exhibits an excellent
capacity of 394 mAh g-1 after 1000 cycles. It is clear therefore that Fe/HC in S@FeHC is inactive in the battery. It is concluded that the Fe nanoclusters play a ‘catalyst’
role in the cathode.
Schematic illustrations of the M nanocluster electrode mechanism are presented as
Figure 6.21. These M nanoclusters enhance the reactivity of S by formation M-S
chemical bonds and prevent polysulfide dissolution by polar-polar interaction. The
confined polysulfides are then catalyzed into short-chain sulfides by the M
nanoclusters.

6.4. Conclusions
In conclusion, we have designed and tested a new class of sulfur hosts as three
transition metal (Fe, Cu, and Ni) nanoclusters (~ 1.2 nm) wreathed on hollow carbon
nanospheres for RT-Na/S batteries, and hypothesized a chemical couple between the
metal nanoclusters and sulfur that assists in immobilization of sulfur and enhances
conductivity and activity. Of these, S@Fe-HC was found to exhibit an unprecedented
reversible capacity of 394 mAh g-1 despite 1000 cycles at 100 mA g-1, together with
a rate capability of 220 mAh g-1 at a high current density of 5 A g-1. Our new
findings show that these metal nanoclusters serve as electrocatalysts to rapidly
reduce Na2S4 into short-chain sulfides and thereby obviate the shuttle effect. These
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novel S host cathodes should prove to be of practical benefit in the construction of
electrode materials for a range of battery technologies.
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Chapter 7
7. General Conclusions and Outlook
7.1. General Conclusions
In this doctoral thesis, the recent progress on novel S host materials has been
summarized, and their applications in RT-Na/S batteries were introduced. To
improve the conductivity of sulfur and prevent the dissolution of polysulfides, three
different S host cathodes were proposed and successfully synthesized, including S
nanosheets, S@Con-HC, and S@M-HC (M = Fe, Cu, and Ni). The S nanosheets
were able to improve the reactivity of sulfur, while both S@Con-HC and S@M-HC
could enhance the conductivity of sulfur and hinder the “shuttle effect”, which is
promising for the potential application of RT-Na/S batteries.
The 2D S-nanosheet structure with 3D Cu foam as current collector could achieve
high electrochemical activity when employed as cathode for RT-Na/S batteries. This
potential high-capacity behaviour proves that the S morphology and the utilization of
Cu foam greatly affect the electrochemical performance of S cathodes in RT-Na/S
batteries. The CVs and in-situ Raman spectra reveal that the mechanism in the RTNa/S nanosheets cell is likely to be the staged reduction of S into Na2S5, Na2S4,
Na2S2, and Na2S. More importantly, the Na-storage behaviour on the Cu foam
substrate suggests the potential electrocatalytic activity of Cu element in the reaction
between Na and S, which will lead to new strategies for the rational design of S
cathode materials for RT-Na/S batteries.
Atomic Co, including SA Co and Co clusters, was successfully applied in RT-
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Na/S batteries as a superior electrocatalytic host. The novel S@Con-HC electrode
delivered a high initial reversible capacity of 1081 mA h g−1; even after 600
cycles,

it

achieved

a

superior

reversible

capacity

of

508 mA h g−1 at

100 mA g−1 without any degeneration of the elaborate nanostructure. The atomic
scale polarized Co is responsible for the outstanding enhancement of the S
cathode, which is close to reaching the theoretical limitation on Co (Co-S) for
S/polysulfide immobilization and activation in RT-Na/S batteries. Meanwhile, in
situ Raman, synchrotron XRD, and DFT were combined to confirm that atomic Co
could electrocatalytically reduce Na2S4 into Na2S, which effectively alleviates
dissolution of polysulfides and thus impeding the shuttle effect.
A new class of sulfur hosts in the form of three transition metal (Fe, Cu, and Ni)
nanoclusters (~ 1.2 nm) decorated on hollow carbon nanospheres was designed and
tested for RT-Na/S batteries, and a chemical couple between the metal nanoclusters
and sulfur was hypothesized that assists in immobilization of sulfur and enhances
conductivity and activity. Among these, S@Fe-HC was found to exhibit an
unprecedented reversible capacity of 394 mAh g-1 over 1000 cycles at 100 mA g-1, as
well as a rate capability of 220 mAh g-1 at the high current density of 5 A g-1. These
new findings show that these metal nanoclusters serve as electrocatalysts to rapidly
reduce Na2S4 into short-chain sulfides and thereby obviate the shuttle effect.
Significantly, introducing atomic Co and metal nanoclusters into electrode design
are efficient ways to prevent the shuttle effect, which innovatively bridges the
battery and electrocatalyst fields and provides a new direction for exploring novel
designs of electrode materials for the advancement of various battery technologies,
especially RT-Na/S batteries.
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7.2. Outlook
The study of RT-Na/S batteries is still in its infancy when compared with Li-S
batteries; therefore, inspiration from Li-S batteries would be a wise choice. Much
attention should be paid to enhancing the conductivity and reactivity of S, and
preventing the ‘shuttle effect’ phenomenon. In this work, various S hosts, including
the S nanosheets, atomic cobalt decorated hollow carbon nanospheres, and metal
nanoclusters decorated

on

hollow

carbon

nanospheres,

showed

excellent

electrochemical performance.
On the basis of the above-mentioned work, the S morphology and the atomic metal
and metal nanocluster decorated S hosts represent the most promising strategies to
construct S composite cathodes to obtain better performance of RT-Na/S batteries.
Firstly, the S morphology could effectively enhance the electrochemical performance
of S. Through controlling S morphology, it is possible to expose more highly active
sites of sulfur, which will exhibit high activity with sodium. Thus, the highly active S
will quickly react with sodium, leading ultimately to the formation of the final
product Na2S, which would achieve excellent reversible capacity in RT-Na/S
batteries. Secondly, one of the most efficient ways to prevent the “shuttle effect” is
the sodiation of long-chain polysulfides are rapidly into short-chain sulfides. The
atomic scale metal and metal nanoclusters will be able to catalyse sodium
polysulfides into short-chain sulfides, thus hindering the dissolution of polysulfides.
Through transforming the polysulfides into short-chain sulfides, these sulfurcomposite cathodes would deliver both high reversible capacity and high rate
performance. Nevertheless, it is noteworthy that the mechanism behind this
electrocatalytic behaviour is still unknown, which means that further investigation is
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definitely needed on ‘electrocatalysis’ in RT-Na/S batteries. Finally, it is meaningful
to explore and extend the application of the sulfur morphology and “electrocatalysis”
in RT-Na/S batteries. It should be noted that this “electrocatalysis” concept may also
have the potential for use in other types of batteries.
Generally, exploring the sulfur morphology and “electrocatalysis” will boost the
practical application of RT-Na/S batteries. Meanwhile, a deep understanding of the
mechanism behind this electrocatalytic behavior could help us to rationally design
this new class of S host materials.
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